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LETTER REPORT
Remedial Measures for Downstream Qutlet Wall

1. Summary

The right side (east) outlet wall which separates the forebay pool from the stilling basin
has been displaying consistent movement since construction of the dam. Measurements taken
have shown that the movement is a combination of both frost action and lateral loading due to
earth pressure. This report describes the types of measurements taken, the results and
conclusions drawn from those measurements, and an analysis of alternatives for correcting the
problem.

2. Description and History of Project
a. General

The Hopkinton Lake Project is part of one of the four reservoir projects that have been
constructed in the Merrimack River Basin by the Corps of Engineers for flood control and other
purposes.

Hopkinton Lake is located in the town of Hopkinton on the Contoocook River,
approximately eighteen miles southwest from the confluence of the Contoocook and Merrimack
Rivers at Penacook, New Hampshire (Plate 1). Construction of the project was started in
November 1959 and completed in July 1963. An upstream permanent pool is kept at
approximately El. 382 ft NGVD, stage 16 ft. The downstream forebay pool created by the
Hoague-Sprague Dam, has an average spring and summer elevation near 380 ft NGVD and
elevation 382 ft NGVD during the fail and winter. The Hopkinton Lake project was designed
and built as part of the overall Hopkinton-Everett reservoir system.

b. Topography & Geology
(1) General

The Hopkinton Reservoir occupies low, flat, relatively wide areas in the pre-glacial
Contoocook Valley which has been generally deeply filled with out wash deposits and till. The
entire reservoir was occupied during the recessional phase of the last glaciation by connected
pools or sluggish-current lakes impounded behind ice and debris barriers which caused
temporary damming and diversion of the natural drainage. In the areas occupied by the transient
pools, deposits of sand, silt and gravel occur. Till and till covered bedrock hills which rise above
the lowlands form the perimeter of the reservoir. (Ref Periodic Inspection No. 1)
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(2) Site Geology

The Contoocook River flows in a deep, narrow valley entrenched in glaciai tills. The
right abutment rises steeply from the river's edge, the left abutment is less steep and rises from a
narrow flood plain which occupies the jeft side of the valley bottom. Bedrock is deeply buried at
the site occurring throughout at depths of up to 90 feet. The overburden is generally till which is
overlain on the abutments by a thin blanket of silt or fine sand and in the valley bottom by
variable, thin deposits of recent alluvium, mostly sands and gravels. Occurring in and under the
till are erratic deposits of laminated fine sand and clay, and stratified sands and gravels. The
overburden at the dam site, both in the abutments and valley bottom consist mainly of till
composed of gravelly, silty sand with cobbles and boulders. The till is characteristically
variable, however clayey and gravelly phases are fairly common. All the till is very compact and
relatively impervious. Within the limits of usual variability, the till in the abutments is generally
homogeneous. In the valley bottom, however, where the till is overlain by superficial deposits of
recent, river-washed silty sands and gravelly sands, numerous deposits of laminated silt and clay,
stratified sands and laminated silt and clay intimately mixed with the till occur scattered within
the main till mass. These deposits generally range from less than one foot to as much as eight
feet in thickness but appear to have only limited horizontal continuity and are considered to be
isolated lenses in the till.

¢. Embankment and Appurtenant Structures Description
(1) Dam Embankment

The dam embankment is a rolled earth filled with rock fill slope protection. It is 790 feet
long with a maximum height of 76 feet above stream bed. The top minimum elevation is 437.0
ft NGVD. The dam consists of a homogeneous section of impervious fill, with its slopes
protected with a quarry-run type rock on gravel bedding. Embankment seepage is controlled by
a vertical pervious fill gravel chimney drain located near the center of the embankment and
connected to a horizontal downstream pervious blanket. The dam slopesare 1 on2 and 1 on 2.5,
with a 10-foot berm on the upstream slope at elevation 400, providirig an access to the trash rack
bars, and a downstream berm at elevation 384, providing an as access for maintenance to the
stilling basin structure. A rock toe is provided downstream with gravel toe drains at both
abutments. Foundation relief wells were provided at the downstream toe to control potential
seepage and uplift development. The outlet works, located on a glacial till foundation on the left
bank of the river, consists of an approach channel, gate tower, three conduits, stilling basins, an
outlet channel, and a forebay pool. '

(2) Stilling Basin.

The stilling basin for the two flood control conduits (No. 1 and No. 2) is partitioned by a
concrete wall 85 feet long. Each conduit barrel discharges into a single U shaped concrete outlet,
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whose invert at the conduit exit is EL. 365.5 ft NGVD. The invert of each outlet drops a height
of 15.5 ft. in 50 ft. into the stilling basin to an elevation of 350.0 ft NGVD and at the same time
merges into a single section (see plate 3). The end of the stilling basin is approximately 117 ft.
from the exit of the conduits and at this point is a single U section whose inside width is
approximately 66 feet with a sidewall on the right 35 feet above the floor of the stilling basin and
on the left 22 feet above the floor. The stilling basin length is 65.0 feet The outside walls of the
stilling basin are parallel to the centerline of the two floor control conduits. Two rows of
concrete baffles and stepped end sill were provided. The elevation at top of the right side (east)
concrete wall adjacent to the head water at Hoague-Sprague Dam, is 385.0 ft NGVD, 5 feet
higher than the dam's flash boards. The top of the left side (west) wall of the stilling basin is
elevation 377.0 ft NGVD.

(3) Effects of Hoague-Sprague Dam

The presence of the downstream Hoague-Sprague Corporation Dam, which has a normal
operating pool elevation of 380.0 ft NGVD (winter pool el. 382 ft NGVD), introduces a
hydrostatic loading condition in the design of the stilling basin. The right U-wall and T-wall
adjacent to the pond have been designed as cantilevers off the base and loaded with the full
hydrostatic pressure from the pond. Although drainage has been provided under the slab of the
stilling basin, it has been neglected in the design due to the possibility of freezing or clogging of
the weep holes with a resulting full hydrostatic head being applied to the underside of the base
slab. The left wall has also been designed as a cantilever from the base but with hydrostatic
pressure varying from full head at the base to zero at elevation 371 ft NGVD. Projections of the
base slab were found to be necessary on each side of the stilling basin slab at the end section in
order to maintain a balance of loads to keep the structure from floating under the full hydrostatic
pressure.

(4) Outlet Portal for Forebay Conduit.

The forebay conduit (conduit No. 3) and outlet channel discharges into the downstream
Hoague Sprague dam pool. The forebay outlet channel that is a 55-foot long U-shaped section.
The wall which is adjacent to the stilling basin is extended 51 feet beyond the 55-foot long
channel. The channel walls are reinforced concrete cantilever type walls with a common mat.
The head wall is supported by the retaining walls on each side and the walls are butted against
the head wall. The Hoague Sprague Dam located downstream of the dam ts used to supply water
to the nearby paper mill and hydropower unit. (See plate 4)

(5) Outlet Channel for Conduits No. 1 & 2

Below the stilling basin the outlet channel slopes up from elevation 353 fi NGVD, at a
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rate of 3.0 feet in 100 feet to meet the existing river channel. The outlet channe! bottom and side
slopes are protected by quarry run type rock fill on gravel bedding.

(6) Spillway

The spillway is a concrete trapezoidal weir (ogee section) founded on bedrock and is
located in Dike H-3. Weir crest elevation is El. 416 £t NGVD and the crest length is 300 feet.

d. Foundation Conditions at Outlet Works

The outlet structures were constructed along the left side of the valley bottom. As a result
of the required elevation for the invert of the conduit, the conduits and the gate tower structures
were founded on a zone of very compact gravelly silty sand (glacial till) at least 5 ft. thick.
Below this zone are lenses, bands or strata of various soils interspersed in compact glacial till. It
is indicated by available data that these interspersed zones are numerous in the foundation
overburden for the conduit but that the soils in the zones are very compact. The foundation
conditions for the gate tower were explored by three bore holes, FD-142, FD-145 and FD-155.
At these locations, good continuous samples were obtained. Some zones of silt laminated with
sandy silt and silty fine sand occur below the upper foundation zone of very compact till. The
soils in these zones are compact and well consolidated. Data indicate that no significant sand
zones exist in the upper 25 ft. of foundation overburden at the tower structure.

e. Right Side Outlet Wall Problem

The outlet retaining wall (T-wall and portions of the Stilling Basin U-wall) on the east
side of the discharge channel is tilting outward into the outlet channel. Since 1967 movement of
the wall has been realized. In May of 1973 two brass survey disks were installed on each
monolith in order to monitor this movement. Tilt plates were installed in 1989 adjacent to the
survey disk to further monitor the movements. Extensive movement has been recorded (see
plates 15). The extent of this movement is discussed in the conclusion section of this report.

f. Forebay Dike Erosion

The downstream Forebay Pool is regulated by the Hoague-Sprague Dam. The pool is
maintained at elevation 380 ft NGVD during the spring and sumamer months. In the fall flash
boards are added in order to raise the pool two feet to elevation 382 ft NGVD. During the April
1987 event the rock slope protection in the forebay pool was eroded and deposited into the center
of the discharge channel. The displaced rock was later placed back onto the slope using a back-
hoe.
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3. Reservoir Regulation Events
a. General Reservoir Regulation

Hopkinton Lake is one of five flood control projects that have been constructed in the
Merrimack River basin by the Corps. Located on the Contoocook River in the town of
Hopkinton, New Hampshire. It is operated to reduce flooding in downstream communities and
t0 maintain recreational activities. The recreation pool at elevation 380 ft NGVD contains 700
acre feet of storage. This pool is maintained at a depth of about 14 feet and creates a 220-acre
permanent pool. The flood control storage amounts to 70,100 acre feet with the pool filied to
spillway crest. Since being placed in operation in 1963, the maximum impoundment at
Hopkinton Lake occurred in April 1987, when the project was filled to elevation 415.8 ft NGVD
(95 Percent full), or 0.2 feet below spillway crest elevation, 416.0 ft NGVD.

b. Maximum Impoundments

(1) 1987 Flood Event

The embankment was subjected to its highest impoundment to date with a maximum
water surface elevation of 415.8 ft NGVD, stage 49.8 feet (0.2 feet below the spillway crest),
95% full. The embankment performed satisfactorily during this impoundment. The dam was
inspected at the time of the flood by an Emergency Response Team from Geotechnical
Engineering Division (GED). Several small clear seeps were observed emerging along the base
of the downstream left abutment above El. 384 ft NGVD. These seepage flows were attributed
to ground water draining off the left abutment and not seepage through the dam embankment.
No abnormal seepage conditions such as piping, boils from through seepage, or sinkholes were
observed by the team or reported by the Project Manager.

(2) June 1984 Flood

During June 1984, the embankment was subjected to its second highest impoundment to
date with a maximum water surface of 407.5 ft NGVD, stage 41.5 feet (8.5 feet below spill- way
crest). The dam was inspected at the time of the flood by an Emergency Response Team from
GED. No abnormal seepage conditions such as piping, boils, or sinkholes were observed then by
the team or subsequently reported by the Project Manager. ‘

(3) March 1990 Pool

During March 1990, the embankment was subjected to its highest impoundment since
piezometers three through 11 were installed in 1987 and 1988. The maximum water surface
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during this small event was at El. 397.2 ft NGVD, stage 31.2 (18.8 feet below the spillway crest).

(4) August 1991 Pool

During the August 1991 event, the embankment was subjected to an impoundment of
394.6 ft NGVD, Stage 28.6 ft (21.4 feet below spill way crest). The dam was inspected at the
time of the flood by an Emergency Response Team from GED. No abnormal seepage conditions
such as piping, boils, or sinkholes were observed then by the team or subsequently reported by
the Project Manager. During this time the forebay pool was empty (9 July to 24 October) for
maintenance which caused the water elevations in the piezometers and relief wells on the left
side of the outlet channel to drop.

4. Outlet Wall History and Moniforing
a. Original Wall Design

The right side (east) outlet retaining wall is a reinforced concrete cantilever type T-wall
with a seepage and shear key at the heel (see plates 5 thru 11). The top of the east wall is at
elevation 385.0 ft NGVD. The total length of the wall is 114.75 feet and it is divided into six
monoliths with expansion joints. Monoliths No. 2 through No. 6 have tilted toward the outlet
channel. Maximum tilt was observed at the top of the monoliths. The monoliths retain an
impervious fill embankment designed to retain the forebay pool for the Hoague-Sprague Dam,
The cantilever walls are analyzed based on the assumption that the wall stems will yield and they
will experience active earth pressure. The wall thickness-height ratio shows that the walls are
relatively less rigid compared to other structures, The 3' x 6' shear key at the heel will be
mobilized and it will resist the passive pressure provided by the bearing pressure of the subgrade
foundation materials. The passive resistance of the backfill developed at the toe is not
considered because the constant water flow in the stilling basin may erode the backfill.
Impervious material for the dam and dikes was obtained from required excavations in glacial till
for Canal No. 1. The excavated till was very compact, gravelly, silty and clayey sand with only
occasional boulders. '

The loading conditions considered for the analysis of the outlet channel east wall are as
follows: The structure satisfies all stability criteria for overturning, sliding and foundation
bearing pressure, except for loading case R3 which is normal condition with seismic. During, the
seismic condition the foundation bearing pressure at the toe exceeds the allowable bearing
pressure of 8 ksf for monoliths No.2 and No.6. The resultant does not fall within the middle
third of the foundation base. For monolith No.6 the factor of safety against sliding during an
earthquake is less than 1.3. The loading conditions considered for the analysis of the outlet
structure are as follows:
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Case R1 Usual Loading: Backfill in place to final elevation. Surcharge (not applicable).
Lateral and uplift pressures due to water (normal operating pool elevation 382.0 ft NGVD
for Hoague-Sprague Dam and tail water elevation 365.5 ft NGVD in stilling basin).

Case R2 Extreme Loading: Flood condition is not applicable since structure is located at
the end of the downstream side of the dam.

Case R3 Earthquake Loading: Load Case R1 with induced lateral load added (Refer to
EM 111.225.2: Retaining Walls for description of Earthquake Loading).

b. Investigations of Movement
(1) General

Initial instrumentation for monitoring wall movement consisted of scribe marks at
adjoining ends of monoliths No.11 and No.12. The set of scribe marks has shown a maximum
relative movement of approximately 3-15/16 inches. In May of 1973, a survey was performed to
establish a baseline along the top of the wall which has been used for measuring lateral
movement of each monolith periodically. The tilt plates were installed in November 1989 to
measure the cumulative rotation of the top of the wall (see plate 4). Tilt plate readings were
taken simultaneously with periodic surveys when possible to facilitate a comparison between
rotation and lateral movement. (See plates 16 thru 22)

(2) Surveys

The baseline which was established in the May 1973 survey runs along the top of the wall
from the east concrete abutment of Hoague-Sprague Dam to the outlet works (see plate 4). The
baseline comprises of 14 brass survey disks set horizontally on the top of the wall adjacent to the
tilt plates. Surveys have been performed which have recorded the horizontal and vertical
movement of each disk. ‘

(3) Tilt Plates
(a) Data Collection

Seventeen tilt plates have been instalied on the east and west stilling basin and outlet
channel walls which are used to measure the movement of the wall. A Terra Tilt Meter, Model
TT-2 is placed in the groves of the tilt plate in each of the four directions known as A+, A- (A
axis), B+, and B- (B axis) and data is recorded for each direction. The A axis is perpendicular to
the wall, and the B axis is parallel to the wall. The data read from the tilt meter is 2 sin 6, where
8 is the angle of deflection. The readings are then entered on a Lotus 1-2-3 spreadsheet and the
deflection angle 6 is calculated. A negative deflection angle of the A axis indicates the wall is
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rotating toward the stilling basin/outlet channel; a positive deflection angle of the A axis
indicates the wall is rotating away from the stilling basin/outlet channel. Rotation of the B axis
indicates the wall is rotating side to side.

Temperature data is also collected which is then converted into freezing and thawing
degree days; a degree day being the average of the daily maximum and minimum temperatures
minus 32 degrees F. Negative numbers represent freezing degree days and posttive numbers
represent thawing degree days.

(b) Interpretation and Evaluation
(1) Tilt Plates 1 & 15. (Plate 22)

Tilt Plates TP1 and TP15 are located on the east stilling basin U-wall. Plate 22 shows
that the highest angle of defiection of TP1 occurred in March 1994 and for TP15 in January 1990
with rotations of -0.2636 and -0.2063 degrees respectively outward of the A axis, toward the
stilling basin. The survey data shows the maximum horizontal movement at the top of the wall
occurred in November 1994 and was close to 0.16 ft (1.92 in) for TP 1. Some of the horizontal
movement and rotation noted occurred during December 1989/January 1990, the coldest month
on record, with freezing degree days consistently near -17 (Max -31.5) for over a month. There
is no survey data for TP 15. By May 1992 TP15 had rotated inward +0.0516 degrees; rotation
then reversed back outwards towards the stilling basin to -0.0516 degrees. No rotation readings
were taken during the 1990-91 and 1991-92 winters. TP1 had a maximum vertical movement in
May 1994 of 0.068 ft (0.82 in) of heave.

(ii) Tilt Plates 2 & 3. (Plate 16)

TP2 and TP3 located on the east outlet retaining wall and both are on monolith No.6; TP2
is adjacent to the upstream construction joint and TP3 is adjacent to the downstream construction
joint. Plate 16 shows TP2 and TP3 having maximum rotations of the A axis of -0.3037 and
-0.3266 degrees respectively in January 1990. Rotation of the B axis was minimal as was the
vertical movement. Horizontal movement at the top of the wall showed both moved 0.212 ft and
0.224 ft (2.5 inches and 2.9 inches). The maximum rotation and horizontal movement occurred
during December 1989/January 1990. There was minimal rotation and movement, relative to
December 1989, during the next two winters. Maximum vertical movements were 4.070 ft (0.84
in) and 0.066 ft (0.79 in) of heave respectively occurring in May 1994.

(iii) Tilt Plates 4 & 5. (Plate 17)

TP4 and TP5 are located on the east outlet retaining wall and both are on monolith No. 5;
TP4 being on the upstream end and TP5 on the downstream end. Maximum rotation of the A
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axis and maximum horizonta! movement occurred in January 1990 (Plate 17). Maximum
rotation of the A axis was -0.3266 degrees for both TP4 & 5 with corresponding horizontal
movement of 0.216 and 0.203 ft (2.6 inches and 2.4 inches) outward toward the stilling basin.
TP5's rotation of the A axis retreated back to -0.12 degrees by May 1990 and stayed there until
April 1992, by March 1994 it moved outward to -0.3209 degrees. TP4's rotation of the A axis
rotated back to near 0 degrees by April 1992 and then back to -0.1948 by March 1994, But TP4's
rotation of the B axis gradually moved to near -0.0573 degrees while TP5's B axis rotation was
near +0.0115. Maximum vertical movement was 0.067 ft (0.80 in) of heave for both TPs
occurring in May 1994,

(iv)Tilt Plates 6 & 7. (Plate 18)

TP6 is located on the upstream end and TP7 is on the downstream end of monolith No. 4
of the east outlet retaining wall. Plate 18 shows maximum horizontal movement toward the
outlet channel of TP6 and 7 was 0.21 ft and 0.197 ft (2.5 inches and 2.4 inches) respectively with
-0.3266 degrees rotation of the A axis for both tilt plates in December 1989/January 1990. TP6
rotated back to near -0.1 degrees and TP7 rotated close to +0.0344 degrees by April 1992; by
March 1994 TP6 reached -0.2521 degrees and TP7 was at -0.1776 degrees. As with TP4, TP7's
B axis gradually rotated to -0.0745 degrees by April 1992 while TP6's B axis stayed near 0.0401
degrees. Maximum vertical movements were 0.040 ft (0.48 in) and 0.070 ft (0.84 in) of heave
respectively.

(v) Tilt Plates 8 & 9. (Plate 19)

Data for TP8 and 9 is shown on Plate 19; TP8 is on the upstream side and TP9 is on the
downstream side of monolith No. 3 on the east outlet retaining wall. Maximum horizontal
movement and rotation of the A axis occurred during December 1989/January 1990 when the
degree days were consistently freezing for over a month. Rotation of the A axis was maximum
in January 1990 with -0.2979 and -0.2922 degrees for TP 8 & 9. Maximum horizontal
movement was 0.183 ft (2.2 in) for TP8 and 0.201 ft (2.4 in) for TP9 in January 1990.
Maximum vertical movement was 0.067 ft (0.80 in) of heave for both TP’s occurring in May
1994,

(vi)Tilt Plates 10 & 11. (Plate 20)

Plate 20 shows the data for TP10, upstream, and TP11, downstream, both on monolith
No. 2 on the east outlet retaining wall. Maximum horizontal movement was 0.221 ft in January
1990 and 0.200 ft in March 1996, for TP10 and 11 respectively, outward. Maximum rotation of
the A axis for TP10 was -0.2349 degrees and for TP11 -0.2120 degrees. TP10's B axis gradually
rotated to -0.0745 degrees, while TP11's B axis gradually rotated to 0.0630 degrees, both by
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March 1996. Maximum vertical movements were 0.068 ft (0.82 in) and 0.060 ft (0.72 in) of
heave respectively occurring in May 1994,

(vi1)Tilt Plates 12 & 13. (Piate 21)

Data for tilt plates 12 and 13 are shown on Plate 21. TP12 and 13 did not respond as
significantly to the December 198%/January 1990 winter temperatures as with the other tilt plates.
Maximum horizontal movement of TP 12 occurred in January 1990 and was 0.063 ft (0.75 in)
while TP13's maximum horizontal movement was 0.035 ft (0.42 in) both occurring in December
1989 and both moving horizontally toward the outlet channel. In December 1989/January 1990,
both tilt plates' A axis rotated -0.0802 degrees. By April 1992, TP12's A axis had rotated to
+0.0859 degrees inward; TP13 had also rotated toward the forebay pool to +0.0573 degrees.
Both plates' B axis rotated to near +0.05 degrees in October 1990; TP12 then rotated back toward
-0.0172 degrees and TP13 to near -0.0516 degrees by March 1996. Maximum vertical
movements were 0.055 ft (0.66 in) and 0.052 ft (0.62 in) of heave respectively both occurring in
May 1994.

(viii)Tilt Plates 14, 16 & 17.

TP14 is located on the east abutment of the Hoague-Sprague Dam adjacent to TP13,
TP16 is located on the west stilling basin wall, and 17 is located on the west outlet retaining wall,
Maximum horizontal movement of TP14 is 0.035 ft (0.42 in) which occurred in December
1989/January 1990; vertical movement over time has been minimal. Survey data for TP's 16 and
17 is not available. Maximum rotation of the A axis for TP14 is -0.0344 degrees outward and of
the B axis is -0.0516 degrees; both occurring in October 1990. Maximum rotation of the A axis
of TP16 and 17 was +0.0516 and +0.0458 away from the spillway respectively occurring in
March 1995. Maximum rotation of the B axis was +0.0344 degrees in March 1995 for TP16 and
+0.0401 degrees in August 1990 for TP17. These three tilt plates were not affected as adversely
as TP I-15 in December 1989/January 1990 possible because the backﬁll materials are very
pervious and non frost susceptible.

5. Conclusions
a. Extent of Movement
Relative to their position on 15 May 1973, all of the monoliths, except for the first (No.1)
upstream of the Hoague-Sprague dam abutment, have moved horizontally an average of almost
2-1/2 inches outward toward the stilling basin and outlet channel (see plate 15). During the fifth

Periodic Inspection it was observed that monolith No. 2, upstream of the Hoague-Sprague dam
abutment had tilted outward relative to monolith No. 1 by 3-15/16 inches at the top of the wall.
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Relative movements from zero to 9/32 inch were also noted between other monoliths along the
wall during Periodic Inspection No. 4. These monoliths have been steadily moving at a rate of
about Y%-inch every five years since monitoring was initiated in 1967.

b. Influence of Forebay Pool

It has been determined that the change in pool elevation between summer (elev. 380 ft
NGVD) and winter (elev. 382 ft NGVD) has little effect on the outlet wall. The two foot change
in pool elevation represents a negligible force acting on the wall.

c. Frost Effects

In December 1994 personnel from the Cold Region Research and Engineering Laboratory
(CRREL) installed various instrumentation to monitor frost effects. The installed
instrumentation includes 31 thermistor-type temperature sensors, one load cell, a vibrating wire
inclinometer assembly and two linear motion potentiometers. As of 14 August 1996, maximum
pressures in the load cell had reached 26 psi and total deflections of more than 3/4 inches have
been measured along the wall. CRREL’s inclinometer data suggest that the movement in the
wall may be a combination of rotation about a point and deflection of the wall. The
thermocouple data indicates that the limits of soil freezing behind the wall are as follows (see
appendix C):

-at the top of the clay layer (approx. elev. 383 ft NGVD) frost reaches at least 6' east of
the inside of the wall.

-at 8' down from the top of the wall (approx. elev. 377 ft NGVD) frost reaches between 2!
and 4' east of the wall. ‘

-at 12' down from the top of the wall (approx. elev. 373 ft NGVD) frost reaches 1 foot
east of the wall.

d. Structural Analysis

A complete structural analysis of the outlet wall was performed by the design division.
The analysis takes into account that the wall is cracked and assumes uniform frost loading. It is
not anticipated that any repairs will be required on the wall. Measured deflections caused by soil
and frost loading generailly compare to the expected theoretical deflections. See Appendix A for
the structural report.
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6. Discussion of Alternatives
a. General

The alternatives considered for this project were, the replacement of the special
impervious material with a pervious fill and drainage, install a thermal membrane for insulation
against freezing, and the do nothing alternative. It has been determined from monitoring that the
do nothing alternate would be unacceptable. If movement continues at the current rate, the stem
of the outlet wall can produce severe cracks and break. Current movement in the wall would
require an alterative that would relieve frost pressures behind the outlet wall, prevent frost from
reaching the existing soils behind the wall or both.

b. Repair Alternatives
(1) Thermal Membrane

This alternative considers the instailation of a thermal membrane between the outlet wali
and the existing special impervious soils. This membrane would, for the most part, prevent frost
which crosses the wall from reaching the soil behind it. However, for extended periods of
freezing weather, it is not reasonable to expect no frost to penetrate the membrane into the
impervious soil region. In addition, water is always present behind the wall stem and ice lenses
may still develop behind the wall. For this reason a thermal membrane by itself would not be
sufficient protection against frost.

(2) Replacement of Impervious Fill

This alternative would require removal of the special impervious fill behind the outlet
wall and placement of a pervious non-frost susceptible fill with a drainage system. This design
would prevent frost loads from building up by allowing the water to drain freely. This would
prevent the formation of ice lenses in the zone immediately behind the wall. However, if frost
was to consume the entire pervious zone and reach the back side of the embankment section,
frost loading could reoccur on the wall. The wall may also have frost loading problems if the
drainage system were to freeze. However, based on the thermocouple data and further studies
done by CRREL it is not likely that either one of these would occur.

7. Recommendations

The recommended action is the replacement of the impervious fill with a 4 foot wide
pervious zone and drainage system (see plates 7 thru 14). Based on studies done by CRREL, this
design would provide protection for up to a one hundred year event. Construction of this option
would require coordination with the Hoague-Sprague Dam, as the forebay pool would have to be
drained. Furthermore the design would require specific material specifications.
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a. Soil Materials

In general, excavated materials will be reused if they meet the required specification. A
description of the necessary materials follows.

(1) Impervious Fill Material

Materials excavated from the existing impervious fill area will be reused in the areas
designated for impervious fill material. Impervious fill will consist of a well-graded, natural,
unprocessed soil containing sand, and silt or clay sizes. Impervious fill materlals should be
reasonably well-graded within the following limits.

Sieve Size Percent Passing

(U.S. Standard) by Dry Weight
6-inch 100
3-inch 85-100
No. 4 60-95
No. 40 35-75
No. 200 20-50

(2) Pervious Fill Material

Pervious fill material will be furnished by the contractor in accordance with Section 520,
Fine Aggregate, of the State of New Hampshire Department of Transportation’s, Standard
Specifications for Road and Bridge Construction. Pervious fill material should be a uniformiy
graded washed sand and conform to the following gradation:

Sieve Size
(US Standard)

3/8"

No. 4

No. 16

No. 50

No. 100

No. 200

HOPKINTON OUTLET WALL LETTER REPORT

Percent Passing

by Dry Weight
100
95-100
45-80
10-30
2-10
0-3
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(3) Stone Protection Materials

The Contractor can reuse existing suitable stone protection materials. Stone protection
material should be well graded between the maximum and minimum stone sizes. The maximum
and minimum sizes should produce a material without "skip gradation” with stone sizes within
the limits specified. The rock will be placed so that the entire finished surface of stone
protection will be of uniform appearance. '

(4) Gravel Bedding

Gravel bedding materials will be furnished by the contractor and will consist of sand,
grave] or crushed stone composed of tough, durable particles. Gravel bedding will be in
accordance with Section 304, Item No. 304.2, of the State of New Hampshire Department of
Transportation’s, Standard Specifications for Road and Bridge Construction. The materials
should be graded within the limits specified below:

Sieve Size Percent Passing
(U.S. Standard) by Dry Weight
6-inch 100

No. 4 25-70

No. 200 0-12

(5) 3/4"Crushed Stone Bedding for Drains

Bedding shall be furnished by the contractor and in accordance with Section 703,
Standard Stone Size #67, of the State of New Hampshire Department of Transportation’s,
Standard Specifications for Road and Bridge Construction. Bedding should conform to the
following gradation: ‘

Sieve Size Percent Passing
(U.S. Standard) by Dry Weijght
I 100
3/4" 90-100
3/8" : 20-55
No. 4 ' 0-10
No. 8 0-5
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(6) Crushed Stone Material on Top of Dike

Crushed stone will be contractor furnished material composed of hard, durable, and sound
particles. Crushed stone will be in accordance with Section 304, Item No. 304.5, of the State of
New Hampshire Department of Transportation’s, Standard Specifications for Road and Bridge
Construction. The material should be weli-graded within the following limits:

Sieve Size Percent Passing
(U.S. Standard) by Dry Weight

3-1/2-1nch 100

3 inch 85-100
1-1/2-inch 60-90
3/4 inch 40-70
No. 4 15-40
No. 200 0-5

b. Pipe Material
8" Corrugated Polyethylene (PE) pipe will be used for the drainage system (see plate 14).
Circumferential slots shali be cleanly cut so as not to restrict the inflow of water and uniformly
spaced along the length and circumference of the tubing. Width of slots shall not exceed 1/8
inch or be less than 1/32 inch. Rows of slots shall be symmetrically spaced so that they are fully
contained in quadrants of the pipe.

8. References

Reference is made to the following documents pertinent to the basic design and
construction of the dam and its operational history:

a. Design Memorandum No. V, Hopkinton- Everett Reservoir, Geology and Soils, Part B:
Hopkinton Reservoir, February 1959. ‘

b. Design Memorandum No. VIII, Hopkinton- Everett Reservoir, Detailed Design for Spillway
Weir, Outlet Works, and Miscellaneous Structures, February 1959.

c. Periodic Inspection Report No. 4, Hopkinton Lake, April 1992.
d. Master Water Control Manual, Merrimack River Basin, August 1977.

e. Periodic Inspection Report No. 1, Hopkinton Lake, March 1973,
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f. Review of Structural Stability, Hopkinton Lake Dam, Hydraulic & Water Resources
Engineers, Inc., October 1989.

g. State of New Hampshire - Department of Transportation, Standard Specification for Road
and Bridge Construction, 1990
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APPENDIX A -- STRUCTURAL ANALYSIS



HOPKINTON RETAINING WALL - STRUCTURAL ANALYSIS

PURPOSE AND SCOPE

Frost loads on the east outlet retaining walls were calculated from the measured
deflections and the assumptions of limits of frost loading on the walls . Forces acting on
representative wall sections were analyzed to determine the theoretical deflection of the walls
due to frost and soil loadings. Analysis for overturning and bearing pressures was performed
utilizing values of soil, wall and water pressures.

ASSUMPTIONS

CONCRETE
Compressive Strength of Concrete, £, = 3000 psi
Modulus of Elasticity of Concrete, B, = 3.12 x 10° psi

STEEL
Yield Strength of Steel, £, = 60,000 psi
Development of reinforcement at base into stem of wall.

DEAD LOADS
Rock 135 P.C.E.
Impervious Fill 140 P.CE.
Concrete 150 P.CF. -
Gravel 150 P.C.F.
PROCEDURE

Calculations were based on actual design information obtained from the existing
retaining walls from project drawings and loadings, deflections and soil properties supplied by
the Geotechnical Engineering Division.

Maximum and frost deflections of the east walls, as shown on Geotechnical Plate No. 2 -
Outlet Wall Plan, were used to back calculate the frost force acting on the walls within the frost
zone specified by Plates 3 to 6 - Earth Pressure Diagrams.

Active and pore pressures per unit length of the wall were determined in order to assess
soil pressures on the walls. Moments due to active and pore pressures (Mact) were calculated
for the full depth of each wall at 0.5 ftintervals. The theoretical moment capacity (Mu) was
calculated based upon the available information about the concrete properties and the
reinforcement size and location as obtained from the record drawings for the existing project.
The moments due to the frost loadings (Mice) were determined from the previously calculated
frost forces and their area of influence. Cracking moments (Mcr) were calculated for the walls

1



based on available geometric information of the existing wall sections. If the moment due to the
frost loadings plus the moment due to the earth pressures on the wall were greater than the
cracking moment, then it was assumed that the section of wall is cracked at that location.
Allowable moment due to frost loadings (Mall ice) on the wall is the difference between the
theoretical moment capacity and actual moment due to active soil and pore pressures on the wall.
Deflections at each wall interval due to frost and earth pressure were calculated and summed for
a total theoretical deflection of the wall due to those forces.

To check the stability of the retaining walls, overturning analyses were performed.
Overturning analysis included the calculations of pressures exerting overturning moments on the
walls. Horizontal overturning forces included the active soil (Pa) and the frost pressures (Pice).
The vertical overturning pressures were caused by uplift forces (U1). For calculation of the
resisting moments, the weight of the soil above the heel and the weight of the concrete were
calculated. The resisting forces include the horizontal water pressure on the toe side of the walls
(Pw1) and the vertical forces exerted by the weight of the walls (C1, 2, 3, 4) and rock, gravel
and soil behind them (WS).

The vertical pressures as transmitted to the soil by the base slab of the retaining walls
were determined for comparison to the ultimate bearing capacity of the soil. Bearing pressure
left and right are the maximum and minimum pressures occurring at the toe and heel sections,
respectively.

SUMMARY OF RESULTS

Frost loads for each wall were calculated from the measured deflections of the retaining
walls. Theoretical deflections for full depth of the walls determined from the calculated values
of frost load generally compare well to the observed values and are summarized as follows:

Frost Load
(pif)

Deflections
due to Frost
(inch)

Deflections
due to Frost
and Soil
Pressure
(inch)

Measured
Deflections
due to Frost

(inch)

Measured
Deflections
due to Frost

and Soil
Pressure
(inch)

2.48

0.91-1.19

2.44-2.69

2.20

0.78-0.97

2.20-2.65

170

0.59

2.24

1.65

0.68

1.74




The value of frost load calculated for Wall C was comparatively low. The calculated
actual moment exceeded the ultimate moment at elevation 360.0 at Wall C. The steel
reinforcement size and the quantities obtained from the project drawings for this section are
presumed incorrect and would result in the values obtained.

Resisting moments exceed overturning moments with the following factors of safety with
respect to overturning:

Factor of Safety

1.58
1.55
1.98

The usual minimum desirable value for the factor of safety with respect to overturning is
1.5t0 2.0.

The maximum and minimum bearing pressures for the toe and heel sections are as
foliows:

Sample calculations, spreadsheets and summaries of all work are attached.
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3765 16,7 LI0iG 40286 16,5 22,250 19,280 1.00 &0 1,940 1096, 174 9BLAGE.R
377.0 17.0 {0448 £9013 17,6 22,00¢  19.000 1.00 &0 1,951 1081.174 973038.%
377.3 i7.5 10269 3944 17,5 24,750 18,730 1.00 &0 1.9&1 10k4, 176 959558.8
378.0 18.0 9938 REESTY 19,0 26,800 18,500 1.0% A0 1,981 1051.176& 945055.82
378.3 18.5 9395 3775 18,5 20,230 18,230 1.00 &0 1,941 1036.176 932358.%
375.0 13.0 9251 178463 19,0 21,000 18,000 1.00 &0 1,961 1021,176 71905B.7
379.5 .. 19.5 29734 13022 19.5 20,750 17,730 1.00 &0 1.94% 1006,176 905538.3
380,90 26,0 86135 Tids 0.0 300 17,500 1,00 60 1,941 991, 1724 89205E.8
805 .5 g304 5127 20,5 20,250 17,230 1,00 &0 1,961 97,1754 G7B5SER.5
381,90 2.0 8000 1858 21,0 200000 17000 1,0G &0 1.96% 951.1764 BESO0SE.2
33i.5 21.3 T704 223 21,5 15,750 16,750 1.O0 A0 1,951 945.1744 BI15EE.B
382.0 22,0 7415 1143 22,0 19.300 14300 1.00 60 1.951 931.1744 §38038.8
I82.3 22,5 7133 432 22,5 19.230 14,230 1.00 A0 1,94 9141764 824358.8
2830 23,0 6559 143 2.0 1000 16,000 1,00 &0 1,941 901.1764 BI10SE.E
83,2 23.5 £592 1B 235 18780 18,730 100 &0 1.951 PS5, 1754 79755R.5
I84.0 24,0 332 0 240 18,500 15,300 1,00 &0 1,961 B71.1764 78405R.2
J8L.5 2.5 &378 -18 24,5 18.780 15,250 {.00 40 1,96} 56,1744 770552.5
385.0 250 RIAY -{£3 200 18000 15030 1,00 &0 1,961 B41.17634 7I7052.8



i0FKINTEN EAST RETAINING WALL
sl €. - SEC. D-D

EL.

360,90
J40.5
361.0
3615
362.0
362,53
363,90
JE3.3
364.0
368.5
3563.0
363,35
366.0
366,35
367.0
367.9
368.0
368.5
369.0
369.3
370.0
370,93
371.90
375
L0
3725
373.0
373.5
374.0
3743
373.0
375.5
378.0
376.3
377.0
317.5
378.0
378.5
379.0
379.5
380.0
380.5
J81.0
28t
382.0
382.5
3830
383.5
384.0
784.5

705.0

HELBHT
FT

0.0
0.9
1.0

et
-

E,.PIU‘I-D-::-M"L-JI\JN
- - - =
ol oo LN o L LS LN

o~ o~
[, )

7.0

7.5

8.0

8.5

9.0

9.5
10,0
10,5
1.0
115
12,0
12.5
17,0
13,5
14,0
14.5
15.0
15.5
16.9
16,5
17,0
17,5
18.0
18.5
19,0
19.9
20.9
20.5
21.0
21.5
22.0
22.5
23,0
23.5
28,0
2.5

5.0

WIDTH
in

50,500
49,230
43,000
46.750
43.500
44,250
43,000
41,730
40,500
39.250
38,000
36,750
35.500
34,250
33.000
31750
30,500
29,250
28,000
26,750
25,500
25,250
25,000
25,73
24,500
24,250
24,000
23,750
23, 500
23,2580
23,000
22,750
22,500
22,290
22,000
21,750
21,500
21.230
21,000
20,750
20,500
20,250
20,000
19.750
19,500
19,230
19,000
18,730
18,500
18.750
18,000

d Icr
in IN~4

47.500 16536, 13
46,250 13630.27
43,000 14748.78
43,750 13893.63
42,500 17064.80
41,250 12262.23
40,000 11485.89
38,730 13716.12

37,500 14641, 59

36,250 13406.65
35,000 12611,19
33.7560 11656.11
32,500 10738.32
31,230 9340, 695
30,900 9022, 118
28,730 8222.439
27.500 7461390
26,250 6739.3b66
23,000 6055.624
23.750 5410.231
22,900 4802.979
22,7250 3262.018
22,000 3183.583
21,730 3103.657
21,300 3028.739
21,250 2932,827
21.000 2877.92
20,730 2804.020
20,300 2731,122
20,250 2659.228
20,000 7588.33
19,7530 2318, 445
19,300 2449,333
19,250 23816463
19,000 2314,770
18,750 2248,873
18,300 2183.973
8.250 2t20,067
18.000 2037,135
17.730 19953.234
17,500 1934,308
17.250 1874.371
17,000 1B15.423
16,750 1757.462
16,500 1700, 489
16,250 1684,500

15,000 1589, 496

13.75 1335.474
13,500 1482.433
13,2530 1430,373
15,000 1379,291

s Trans 8y

1.00 9.268862
1,00 9.283862
1,00 9.288362
1.00 9,268882
00 9.288862
¢ 9.298862
0 9.288862
14, 49062
14, 43062
14, 490462
4,4%062
4. 45062
4, 43062
4.49062
449062
4.49042

OO

L
t.
1.
1,
L.
!

Lﬂl.’..ﬁt.J'lLﬂ
o~ o~ O~ O

e el el

I'_'I l'."l L|'I

1.

1.

L.

i,

1.

i,

&

.36

1.36 14 43042
1.36 14.49062
1,56 14,49062
1.06 9,288862
1,00 9.2688s2
1.40 9,226862
1,00 9.288862
1.00 9.288062
1,00 9.2E98s2
1.00 9.288862
1,00 9.2868562
1.00 9,288862
1.00 9.286862
1.00 9.268862
1,00 9.2868482
1.00 9.288862
1.00 9.2880862
1,00 9,268862
1,00 9.268842
1,00 9.266852
1,00 9.286862
1.00 9,288862
1,00 9,788862
1.00 9.283862
1.00 9,288862
1,00 9.288842
1.00 9.2888462
1,06 9,268862
1,00 9.288842
1.00 9.283862
1.00 9.288862
1.06 4,208862
1,00 9.288862
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ST

Foi b

ORKINTIN AST RETAINING
STILLING BASIN WALL

EL. AEIGHT I WIDTH
N.GY. FT O INYM dn
3|00 0 789017 73.00
50,5 6.9 ITIAB 7.0
LG L0 3ET9 7100
3555 1.5 343000 70.00
52,00 2.0 328509 9.0
32,5 5.5 314432 43,00
1930 L0 JOTAI 47.00
IS5 3.5 287494 44,00
ISA0 4,0 273A25 45,00
6.5 4.5 262144 £5,00
355,00 5.0 50047 43,00
35,5 5.5 233328 &2.00
I56.0 b0 226081 61,00
56,5 &5 206000 40,00
I57,0 7.0 205379 59.00
77,5 7.5 195117 98.40
8.0 8.0 185197 $7.00
38,5 3.5 173416 54.00
9.0 5.0 1AR3IS 5.4
39,5 9.5 15746% 54,00
30,0 16,0 148877 53.00
360.5 10,5 140408 52,40
61,0 1.0 132651 51,00
38,5 11,5 123000 50,50
352,050 117549 49,00
362.5 12,5 110932 48,00
2,0 130 197327 47,00
7615 1T 9733 44,00
58,0 14,0 TS 8540
66,5 14,5 85184 44,00
5.6 15.0 T9E07 43,40
35,5 iS55 7A088 4209
36,0 16,0 48921 41,00
I66.5 16,5 64000 50,00
7.0 174 S99 300
187,55 7.5 B4E7Z 3RO
3680 1B.4 50853 27.00
348.5 18,5 4bkSH 36,00
39,0 19,0 42875 35,00
369.5 19,5 39304 34,00
370,80 20,0 3S937 300
I70.5 20,5  I2768 L0
3710 20,0 9L 3100
I7L5 2.5 ZT000 30.00
372.0 22,9 24389 29.00
3725 20,5 24952 28.00
3730 2.0 19497 27.09
3735 23.5 17576 26,00
374, 28,0 15525 25.900
376,5 26,5 (3826 24,00
5.0 =00 2147 2
e RS LSS S

WAL

Ter

IN“4

yt
in

150105 36,30
145205 36,00
140391 35.50
135655 35,400
131022 23,50
126467 34,00
121997 33.30
117813 33,00
F1334 32,50
109101 32.00
104973 31,50
190920 31.060
96971 30.50
£719% 20,00
64659 29.50

2150 29.0
39702 28,50
S73C 28,00
T495% 27,20
G2h44 27,00
I0A20 24,30
LR227 26,00
45085 25,50
43993 25.00
41952 24,50
JE530 24,00
21827 25.G
32160 23,00
0537 22,30
2awse 22,00
27423 21,30
21.400

25933

248485 20,30

23087 20,00

21723 19.50
20408 19,00
9245 18,00
8745 17,50
7507 14.50
7049 14.00

15

6033 15.00
3578 14,30
2421 13,50
2265 1300
§367 12.6G0
1682 11,50

N7

19135 18,50
G166 17.00
6552 15,90
2706 14,00
2081 12,50
(1T7 45 %D

i

Mcr
th-in

4IE0438
4261243
4143702
4027800
3913342
Jan9z8
35B7938
J5EG632
472930
64912
3262518
155748
JU5eLE2
2959200
2861382
2755208
2670678
2577792
2486350
2396952
2708998
2022688
2138022
2033000
1973422
1293888
18153798
1739332
1864230
1391392
1519878
1450008
1381782
1315200
$530262
1186968
L1253t
1065312
1006930
720232
8351208
841728
789942
739800
£91302
544243
399238
533872
S13750
STIAT2
434878

Attt

Overload

Mact
1b-in

SI13670
S082474
4836471
4640961
4430041
4225610
4027568
I8aa12
3630241
470734
3297249
3129626
2967761
2811615
2661026
2015512
376472
2241704
2t12408
198818¢
1868923
173453

15644907
1539945
1439547
1343610

AEAAHT
1252032

164714
{0BI5S3
1002447
92729
555996
788452
24556
46420
(7309
553755
03446
456250
812156
370973
332628
297021
264051
233615
205613
175947
156504
135194
115912
98557

T

820 plé

.81 in
1,&3 in

¢ points exceeding Mu

Mu
ih-in 1b-in
18875878 13562148
18570198 13487524
18264538 13404087
17958918 13317957
17653278 12223237
17347633 13122027
17041998 13014430
16736358 12900548
16430718 12780475
16125078 12654324
15819438 12522188
15513798 12384172
15208158 1224037
14902518 12090902
14596878 11935852
14291238 11775326
13795598 11609428
13679938 11438253
13274318 11261910
130568678 110B0A%S
12753078 10894114
12457398 10702865
12131758 10504851
11645118 10306172
11540478 10100931

5452899 3109290

H3G0G79  SOABOLAT

4147737 4982543

59934439 49128B6

841619 AR3GLT?

9583799 4741503

5535979 4679981

GI83159  AZR4T0T

$PI0339 4505783

077319 4413311

8924679 4317391

4771879 4218124

2077731 1674305

2109171 15652891

2040591 1428435

1972011 1601039

1703431 1570803

1834R51 1537830

1766271 1502220

1697691 1464074

790941 SBS328
758541 578598
726141 S6%H37
693741 338347
661381 545429
628941 30383

AT RITRI=E

Mali ice ice force

b20

3180600
3109920
3039240
20468560
2897880
2827200
27365320
2685840
2615140
2544480
2473800
2403120
2332449
2261760
2191080
2120800
2049720
1979040
1508340
18374680
1767000
1696320
1625640
1554940
1484280
12134600
1342920
1273: 70
1205280
1139250
1473080
1012770
932320
893730
B37000
7682130

729129

&77970 .

428480
81230
335680
491970
450120
410130
372000
335730
301320
268770
228080
209250
152280
151N

I

150105
145205
130294
135604
131022
126467

121997

117613
113314
19101
104973
100930
96971
67179
64647
62120
59702
57308
34559
S2664
0420
48227
46085
43993
41932
35539
33827
32140
J0337
2898
27423
25933
244B5
23083
21723
20408
19135
9343
8745
8144
7607
32748
29791
27000
24389
21952
19683
17376
13623
13824
12167
$1778

El

&, 7E+1

4,3E+11
4,38+t
4, 2E+11
4, 1E+it
e 9E+1
3.8E+11
3.7E1
T.oE+1]
JAE+
2.3+
J.2E+1E
J.0E+1
2, 1E+11
2.0E+11
1.9E+18
1.9+
1.BE+1E
{.7E+11
1.6E+11
1.6E411
1.5E+11
1.40+1%
1.4E+18
1, 3E+11

B.&E+10
8. 1E+1G
7.8E+19
7.2E+10
b.BE+1D
&.4E+10
A, 0E+10
2.9E+10
2. 7EH0
2. 35+10
2.4E+80
1.0E+L1
9. 3E+10
B.4E+10
7. 6E+10
5,9E+10
6. 1E+10
FeSE+10
4,9E+10
4,3E4+10
3.B8E+10

T ITeln
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HOPKINTEN £AST RETAINING WALL
STILLING BASIK WeLL

MOMENT
EL.,  HEIGHT Ig {LE-IN) AEIGHT WIDTH d s fy a Mn Mu
MEWD T 4 ACTIVE i in in in ket in k-in lb-in
350, 0 0 IBOL7 ST 0 73,000 67,307 D.66 &0 11,098 20973.15 18875838
305 0,5 373248 S082474 0.5 72,000 66,307 5.066 &0 11,098 20431,53 18370198
L0 1,0 353750 4BIB4V! 1.0 71,000 65,307 5,66 &0 11,098 20293.95 18244553
3.9 1.5 343000 46%094: 1.5 79,000 64,307 5.66 &0 11.098 19954.35 1795E918
3320 0 32BE0% 4430044 2.0 £9.000 83,307 T.56 &0 11.098 19514.73 17653278
352.5 5 314432 4225610 2.5 68,000 02,307 S.646 &0 11.499 19273.15 17347634
35300 3.0 30076 ADZSAE 3.0 67.000 61,307 5.6 60 11,098 189353.55 17041998
3SLE 55 ZaM49¢ 3ERLeiR TS 66,000 £0.307 568 60 11,098 18392.90 16736328
3540 4.0 2785E5 3aR0Z4Y 8,0 45,000 39,307 5.46 A0 11.098 18256.337 16430713
54,5 4.0 262144 3470754 4.5 64,000 58,307 5.66 60 11.098 17916.75 16125073
33,0 5.0 250047 3297249 5.0 &3,000 37,307 5.66 60 i1.098 17577.15 15819433
5.5 9.0 383 3129626 9.8 &Z.000 56,307 G.66 60 11,098 17257.55 15513798
336.0 6.0 22698 2947761 6.0 41,000 35,307 S.66 40 15,098 14897.95 15208158
3563 6.5 216000 2911615 6.5 606,000 54,307 5,66 40 11.098 16308.35 14902318
357.0 T4 20537% 2661026 7.0 59,000 53,307 T.66 &0 11,098 16218.75 14596378
357.5 1.5 195112 515912 7.% 56.000 52,307 5,66 &0 11,098 13879.10 14291238
338.0 8.0 iBSI93 2374172 3.0 57.000 51,307 35.66 &0 11,098 15536,35 13985598
3568.5 8.5 i7Shis 2201704 B.5 06,000 50,307 5,66 &0 11.098 15199.95 13679538
9,0 9.0 166375 211208 9.0 5.000 49.307 5.66 60 11,098 14@60.35 1337431
.G 9.5 1574ed 1988187 %5 54,000 48,307 G.66 &0 11,098 14520.75 13048478
60,0 10,0 148877 1B6B9ZS 10.0 53,000 47,307 D.64 60 11.098 141B1.13 12763038
60,5 10,5 1830608 1754332 16,5 32.000 45,307 5.66 &0 11,098 13841,55 12457398
361,09 110 132651 1544907 1,0 51.000 43,307 S5.46 &0 11,098 13501.95 12151758
3410 GR.0 123006 1339945 11,5 50,000 44,207 5.46 &0 11.098 13162.35 11846118
62,0 12,0 11764% 1439547 12,0 49.000 43,307 S.46 60 11.098 12822.75 11540478
62,5 12,5 L0572 1343410 12,5 48,000 45,000 2.83 &0 G5.549 7169.888 6452099
3650 13,0 08823 1252033 12,0 47,500 44,000 2,87 40 GT.549 7000.0B8 4300079
3655 1L 973 1164714 13,9 46,000 43,000 2.8 40 5,349 £030.288 414729
3640 14,0 9IS i10BISEE 14,0 83,004 42,000 2.83 40 5.549 6AAU.ABR T994439
64T 14,5 BSiBA 1002447 .5 43,000 431,000 2,87 60 G5.5497 04%0.468 SBALLLS
5.0 150 79507 F2729¢ 15,0 43,000 40,000 2.83 40 3,049 4320.888 G6RETYT
Je5.C 5.5 74082 833998 1.8 42,400 35,000 2.8 &0 35.549 6151.0B3 §53597°
386,03 16D £E92Y 763452 16.0 41,000 38,000 2,83 A0 3,549 09B1.28B S3B3I%Y
366.5  14.3 48000 725356 16,5 46,004 37.006 2,83 &0 ©5.547 5811.488 GIIII0
7.0 17,00 2939 £64209 17,0 39.000 36,000 2,83 &0 5,349 G641,488 S0775L9
7.3 1.5 54872 807309 17.5 38.000 35,000 2.B3 40 15,549 5471.888 4924659
6B 8.0 30433 333733 18.0 37.000 34,000 2,83 60 5.549 5302.083 4771879
J6B.5  18.5 44604 03446 IB.5 26,000 33.000 1,27 oC Z2.490 2419.723 2177731
9.0 190 4375 4556280 19,0 35,000 32,000 1.27 &0 2.490 2343.32% 2109471
369,59 19.% 9304 L12i56 193 34,000 35,000 1,27 &0 2,490 2267.32% 2040359!
.o 0.0 359% 370973 20,0 33,000 30,000 1,27 &0 2,490 2191.123 1972011
0.5 W5 IZ68 2628 20,3 2,000 29.000 1.27 &0 2.490 2114.927 1903431
3710 200 B/ 297021 21,0 3L.000 28.000 1.27 &0 Z.4%0 2038.723 1834831
i3 215 27000 264051 21,5 30,000 27.000 1,27 A0 2.490 192,523 1766271
LG 22,40 24389 233615 22,0 29,000 26,000 1.27 &0 2,450 1886,323 1497491
372,925 952 205613 22.9 28,000 23.000 0.40 40 1.176 878,823 790941
3730 230 19683 179943 23,0 27.000 24,000 0.60 40 1.17& D42.8235  7oRSH
3733 238 17976 136504 23,5 26,000 27,000 0.40 A0 1,176 804.B235 726141
374,0 24,0 13635 135194 24,0 23.000 22,000 9,60 &0 1.174 770,8235 493741
F4.5 245 13824 115912 24,5 24,000 21,000 0,460 &0 1,176 7348235 61341
5.0 25,0 iZie7 98357 25,0 Z3.000 20,000 0.60 60 1,175 498.8235 628941
Ay BG MUTTE g3024 25,5 22,790 19.720 0,60 &0 1,176 6B9.B235  620B4L
a0 ZA0 1A 8921y 26,0 22,300 19,50 0,40 &0 1,176 6B0.823T  A12741
Rty P I — B W LR Y i~ SATE L~ "
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R0 13,;:‘.‘.‘,
Z .550 18,250
21,000 18,005
A.730 17,730
20,500 17,50
20,230 £7.250
26,000 17,000
19.750 16,730
19,500 14,300
19.250 16,230
19.000 16,200
18.739 15.73C
18,500 15,500
18,250 15,230
18,000 15,000

8,40
0,80
0,48
.40
.40
(.40
0.59
0. 40
0,40
0,40
0,40
(.60
0.60
Q.60
0.40

i3
='g:)
G
&l
&0
&0
&0
&G
&0
&0
50
&6
50
&5
80

L,
1,
1
1
L.
1.
1.
L
L.

L.
i,
1.

4
i
1.

&6 GB 8235
75 T99.8235
7h 599.8235
76 531,823
176 572.8233
176 567.8239
174 5534.8235
£76 S45.8235
176 536.8235
174 527.82%5
174 51B.8233

--n—n-;-.--.—-..,—.r--

J31744
523441
31554
307441
459344
491241
43%14]
475041
LBhF4]



.. FEIBST WIDTH g er 51 Tranc A c BAs? Trans fds?
B in in Ik

a0 G G 73,000 70,000 120105 .12 8,98 20,30 254 3.3
E0.5 0.5 TI 000G 69,000 145200 .17 74,98 20,12 2,58 2399
Wi 1,00 TL000 48,000 140371 .12 76,98 19.%4 2.4 23,59
LSS TO.000 B7.000 13Shit .17 78,98 19.76 2,58 2359
E2.000 20 69.000 65,000 131022 .12 28,04 19,58 2,54 23,59
2.5 2.5 6B.OOG 65,000 126457 .12 78,98 19,39 2,04 2559
3. 30 B7.000 A4,000 121997 3,012 28.98 19.2: 254 239
TLE 35 64,000 63,000 LI76L3 .12 78,98 19.07 2,54 2599
54,0 4,0 55,000 42,000 1t3314 312 28.98 168,87 .54 259
36,5 4,0 A4.0G0 &1.000 107103 312 28.98 18,44 2,54 25,59
15, 20 ELOCD A0.000 104973 .12 26,98 1B,45 254 2309
IEELD 5,8 A7.000 59,000 100630 .12 28.98 18,26 2.54 I35
Ee.D L0 ALLODO 33.000 95571 3.12 28.98 18,04 2.54  21.%5%
e .t 6,5 60,000 57,000 47199 .12 28.98 17.87 2.%¢ 23,39
7.0 7.0 T39.000 54,000 54449 .12 26,98 17.47 2.96 2359
57, 7.5 58,000 35,000 62150 312 28,98 17.47 2,54 2559
IR0 R0 57,000 36,000 59702 3.17 28,98 17.27 2.54 23,59
8.5 BE 0 56000 33000 57305 .17 28,98 17.07 2.04 )
A0 9.0 35,000 22,000 54959 312 25,92 15,28 2,54 2.5
8.5 59,0 SA.000 SLLO0C G264 .47 78,98 16,65 2,584 L9
6,0 16,00 F3,000 50,000 30820 3.12 2B.93 16,44 2.54 25,59
TH0.S 10,7 E2.000 45,000 48227 .12 28,98 1623 2.54 23,59
L0 1L00 S1.000 48,000 4608 312 28,98 16,02 2,34 25.59
36:.5  11.5 0 50,000 47.000 43993 .12 78.98 15,80 2,54 2559
62, 12,0 49,000 55,000 41352 312 28,98 15.59 2.54  23.%
62,5 12,5 48,000 43,000 3I539 2.87 26,29 12.02

WE0 0 1500 47,000 34,000 33827 2.B3 26,29 11.87

3835 13,0 46,000 43,000 32140 2.83 26,19 1.7

6. 14,0 45,000 42.000 20337 2,83 25,77 1.3

88,5 14,3 44,000 41.040 28958 2.87 26,29 11.39

I6Z.00 1S90 S3.O00 40,000 AE .93 26,29 11,5

85,5 15,3 42,000 39.00G 25933 287 26.29 11.06

a4 18,0 41,000 38,000 24486 2,83 26.2% 10.%0

Tab D 6,0 £0,00C 37,000 23083 2.8 26,29 10.73

7.0 1000 39,000 35,000 21723 2,83 26,29 10.86

7.5 17,5 3B.O00 35,0000 20408 2,87 26,29 16,38

5.0 180 37.000 34,000 19135 2,83 26,29 10.2¢

i

386G 1B ZEJ000 ZT.000 G348 1.27 1180 7.:3
890 1.0 35,000 32,400 B74S 127 LB 7.0
9.3 9.5 4,000 31,000 Bish 1,27 1180 &89
3.6 20.00 FE000 30,000 7807 .27 1180 6.74
G 20.3 0 32,600 2R.000 7069 1,27 1180 6.63
1.0 21,6 31,000 2B.000 4332 1,27 11.80 6.50

LS 2.3 30.000 27,006 4035 1,27 15,80 4.3
2.0 200 19,000 26,000 3378 1,27 1480 6,23
74D O22.5  ZB.000 25,000 2706 0,60 3.57 438

TR0 23,0 27,000 24,000 248! 0,60 5,97 428
3.9 25,5 Z6.000 23,000 2266 0,60 3.37 4.18
74,0 24,0 25,000 Z2.00¢ 2061 .60 5.57 4.08
374,5 28,5 29000 20,000 1Be7 0.60  5.57 %98
&0 25,0 2R.000 20.000 1682 0.60  5.57 3.87
3759 253 22,750 19.730 1837 0.60 5.57 .84
36,0 26,0 ZR.500 19,500 1393 0.60 557 3,82
65 26,0 22,250 19.7%0 1350 0,60 5,57 3N

TGN D000 8,000 15 (A BTN A
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TABLE OF FORCES FOR RETAINING WALl DESIGN

FROJECT HOPEINTON EAST RETAINING WALL
DESCRIFPTION: WALL A '

LOCATION: HOFEINTON DAM, NH

DATE:

SIZE OF EBASE: I3 FEET

ALL UNITS IN KIPS AND/OR EEET

NC. HORIZ. HORIZ. VERT. VERT. MOMENT RESULTANT
RESIS QVER RESIS QvVER ARM MOMENT
C1 12,15 : 12.1 147.0150
=2 4.08 11.52 47,0014
CZ= . 20.25 i9 IOE, 7SO0
c4 4,73 21,5 148, 9930
WS 27.88 22.30 21146.6740
Fa S2. 2 12,21 —4&T37.34620
i 47 .6 17.87 —-BSO.&6120
Fwi 2.91 .7 56,4870
Fice 11.4 26,5 SE0R.1000
0. Q000
O, 0000
SUM OF SuM GF suM OF
HORIZ ~-35.69 VERT 87,49 MOMENTS 1027.85
ICE LLCAD IN FBF &0
SUM OF MOMEMTS OVERTURNING 1790007
SuUM OF MOMENTS RESISTING 2819.92
FACTOR OF SAFETY AGAINST OVERTURMING 1.58
LOCATION OF THE RESULTANT 12,33
ECCENTRICITY: 4.17
BEARING FRESSURE LEFT (ESF): 4.45
BEARING FRESSURE RIGHT (KSF): D.61
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TABLE OF FORLCES FOR RETAINING WALL DESIGN

FROJECT: HOFEINTON EAST RETAIMNING WALL
DESCRIFTION: WALL B

L-OCATION: HOFKINTON DAM, NH

DATE:

B8I72E OF BASE: 29.467 FEET

ALL UNITS IN KIFS AND/OR FEET

N . ADORIZ. HORIZ. VERT. VERT. MOMENT RESULTANT
RESIS OVER RESIS OVER aRM MOMENT

C1 4,08 10.93 44,5944
i 9.9 11.36 1130034
3 ‘ 16 13,3 212.8000
4 4,5 28.17 1Z2&. 78650
Wa 7%.8 L 20,759 1531.3500
Fa 473 11.21 —-485. 3930
141 4.8 14.5 5742000
Fwl &a11 4,467 2B. 53357
Fice 11.4 2T.D  =267.9000

0. 0000

sum OF SuUM OF GiM OF
HORIZ ~-48.53% VERT 73,51 MOMENTS 729.33
ICE LOAD IN FSF OO
M OF MOMENTS OGVERTURMING 1327.4%9
SUM OF MOMENTES RESISTING =037 .09
FACTOR OF SAFETY AGAINST OVERTURNING 1.55
LOCATION OF THE RESULTANT 7.52
ECCENTRICITY: 4.91
BEARING FRESSURE LEFT (EEF): 4.94
BEARING FRESSURE RIGHT (K8F): Q.02
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TAELE OF FORCES FOR RETAINING WALL DESIGN

FROJECT: HOFKINTON EAST RETAINMING WALL
DESCRIFTION: WALL C
LOCATION: HOFEINTON DAM, NH

DATE:
SIZE 0OF HBASE: 29 FEET
ALL UNITS IN EIFS AND/OR FEET
MO HORIZ. HORIZ. VERT. VERT. MOMENT RESULTANT
RESIS OVER REGLIS OVER ARM - MOMENT

Ci 4,08 9.42 Z8.4338

c 4.8 9.6 44,0800

Cx= 12.2 11 14502000

Ca 4.5 2T.5 105, 7300

Ws 48 17.67 g4g. 1400

Fa 26,4 . 8.9 ~234.9&£00

i1 18.4 2.& —176H.6400

Fuwl 1.93 ‘ PRI F. 0649

Fice 11.4 16.% ~188.1000
G, QOO0
QL0000

SsuM OF sSum OF SUM OF
HORIZ -3&6.27  VERT 546,18  MOMENTES S87.49

ICE LOAD IN PSF &0

SUM OF MOMENTS OVERTURMING S99.70

SiJY OF MOMENTS RESISTING 1187.19

FACTOR OF SAFETY AGAINST OVERTURNING
LOCATION OF THE RESULTANT
ECCENTRICITY:

EEARING PRESSURE LEFT
BzARING PRESSURE RIGHT

(SF) s
(LSF)

=L D

-9G
.48
04

e
Bt

15
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APPENDIX B --VTILT PLATE AND SURVEY DATA



TILT PLATE DATA Plates 1 & 2

Terra Tilt Field Data Sheet

Project: Hopkinton Dam - Qutlet Channel East Wall
Plate No: 1
Initial Date: Nov. 30, 1989
Mo. Dy. Yr. Date Aordg A180rdg Bordg B180rdg Ao A180 Aavg A cum. Bo © B180 B avg. Boum. ARothn B Rot'n

g T TP AR i A ek ek i A R Ak R R RN AR A RAR RS IR ARSI IR TR Rt ARk A e "

11 30 89 30-Now-BS -0.0119 -0.0038 0.0282 -0.0433 -0.0060 -0.0019  -0.0021 0.0000 0.0141 -0.0217 0.0179 0.0000 0.0000 0.0000
3 90 03-Jan-90 -0.0202 0.0043 0.0281 -0.0438 -0.0101 0.0022  -0.0062 -0.0041 0.0141 -0.0218 0.0180 0.0001 -0.2349 0.0057
19 80  19-Jan-90 -0.0207 0.0056 0.0288  -0.0435 -0.0104 0.0028  -0.0066 -0.0045 0.0144 -0.0218 0.0181 0.0002 -0.2578 0.0115
2 90  02-Mar-90 -0.0156 0.0007 0.0288  -0.0434 -0.0078 0.0004  -0.0041 -0.0020 0.0144 -0.0217 0.0181 0.0002 -0.1146 0.0115
27 90  27-AprS0 -0.0160  -0.0030 0.0266 -0.0452 -0.0080  -0.0015  -0.0033 -0.0012 0.0133 -0.0226 0.0180 0.0001 -0.0688 0.0057
14 80 14-May-90 -0.0161 -0.0020 0.0268  -0.0449 -0.0081 -0.0010  -0.0038 -0.0015 0.0134 -0.0225 0.0180 0.0001 -0.0869 0.0057
20 90 20-Aug-80 -0.0180 -0.0002 0.06285  -0.0444 -0.0090 -0.0001 -0.0045 -0.0024 0.0133 -0.0222 0.0178 -0.0001 -0.1375  -0.0057
29 90  29-Oct-90 -0.0162 0.0011 0.0282 -0.0432 -0.0081 0.0006 -0.0044 -0.0023 0.0141 -0.0216 0.0179 0.0000 -0.1318 0.0000
26-Apr-91 -0.0164  -0.0020 0.0261 -0.0440 -0.0082 -0.0010  -0.0036 -0.0015 0.0131 -0.0220 0.0176 -0.0003 -0.0859  -0.0172
7 91 07-Aug-91 -0.0157 -0.0040 0.0243  -0.0437 -0.007¢  -0.0020  -0.0030 -0.0009 0.0122 -0.0219 0.0471 -0.0008 -0.0516 -0.0458
20 92 20-Apr-92 -0.0150 -0.0014 0.0257 -0.0417 -0.0075 -0.0007  -0.0034 -0.0013 0.0129 -0.0209 0.0169 -0.0010 -0.0745 -0.0573
28 94 28-Mar-94 -0.0212 0.0055 0.0248 -0.0403 -0.0106 0.0028  -0.0087 -0.0046 0.0124 -0.0202 0.0163 -0.0016 -0.2636 -0.0817
10 94  10-Nov-94 -0.0184 0.0027 0.0245 -0.0400 -0.0082 0.0014  -0.0053  -0.0032 0.0123 -0.0200 0.0162 -0.0017 -0.1833  -0.0974
30 95 30-Mar-95 -0.0184 0.0014 0.0237  -0.0405 -0.0092 0.0007  -0.0050 -0.0029 0.0119 -0.0203 0.0161 -0.0018 -0.1662  -0.1031
25 96  25-Mar-86 -0.0198 0.0017 0.0233 -0.0412 -0.0099 0.0008  -0.0054 -0.0033 0.0117 -(.0206 0.0162 -0.0017 -0.1891 -0.0974

-
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Terra Tilt Field Data Sheet

Project: Hopkinton Dam - Qutlet Channel East Wall
Plate No: 2
Initial Date: Nov. 30, 1988
Mo, Dy. ¥r. Date Acrdg A180rdg Bordg B180rdg Ao A180 A avg A cum. Bo B180 B avg. Bcum. ARotn B Rotn
Initial 0.0107  -0.0260 0.0097  -0.0248 0.0054  -0.0130 0.0092 0.0000 0.0048 -0.0124 0.0087 0.0000 0.0000 0.0000

3 80 03-Jan-90Q 0.0010 -0.0167 0.0099  -0.0285 0.0005 -0.0084 0.0045 -0.0047 0.0050 -0.0128 0.0089 0.0002 -0.2693 0.0115
19 90  18-Jan-90 0.0004  -0.0152 0.0104 -0.0251 0.0002 -0.0076 0.0039 -0.0053 0.0052 -0.0126 0.0089 0.0002 -0.3037 0.0115
2 90 02-Mar-90 0.0045  -0.0196 0.0101 -0.0254 0.0023 -0.0098 0.0061 -0.0031 0.0051 -0.0127 0.0089 0.0002 -0.1776 0.0115
27 80  27-Apr-90 0.0079  -0.0268 0.0086 -0.0274 0.0040  -0.0134 0.0087 -0.0005 0.0043 -0.0137 0.0090 0.0003 -0.0286 0.0172
14 90 14-May-90 0.0081 -0.0280 0.00890  -0.0272 0.0041 -0.0140 0.0091 -0.0001 0.0045 -0.0136 0.0091 0.0004 -0.0057 0.0229
20 90 20-Aug-S0 0.0082 -0.0264 0.0093 -0.0273 0.0041 -0.0132 0.0087 -0.0005 0.0047 -0.0137 0.0092 0.0005 -0.0286 0.0286
29 90 29-Oct-90 0.0100  -0.0252 0.0105 -0.0255 0.0050 -0.0126 0.0088 -0.0004 0.0053 -0.0128 0.0091 0.0004 -0.0229 0.0229
26-Apr-91 0.0082 -0.0266 0.0050 -0.0275 0.0041 -0.0133 0.0087 -0.0005 0.0045 -0.0138 0.0092 0.0005 -0.0286 0.0286
7 91 07-Augdt 0.0081 -0.0278 0.0088  -0.0285 0.0041 -0.0139 0.0020 -0.0002 0.0044 -0.0143 0.0094 0.0007 -0.0115 0.0401
20 92 20-Apr-92 0.0100 -0.0260 0.0104 -0.0264 0.0050 -0.0130 0.0090 -0.0002 0.0052 -0.0132 0.0092 0.0005 -0.0115 0.0286
28 94 28-Mar-94 0.0013  -0.0170 0.0110 -0.0270 0.0007 -0.0085 0.0046 -0.0046 0.0055 -0.0135 0.0095 0.0008 -0.2636 0.0458
10 94 10-Nov-94 0.0053  -0.0214 0.0111 -0.0270 0.0027  -0.0107 0.0067 -0.0025 0.0058 -0.0135 0.0096 0.0009 -0.1432 0.0516
30 95 30-Mar-25 0.0055 -0.0220 0.0105  -0.0268 0.0028  -0.0110 0.0069 -0.0023 0.0053 -0.0134 0.0094 0.0007 -0.1318 Q.0401
25 96 25-Mar-96 0.0026 -0.0204 0.0106 -0.0284 0.0013 -0.0102 0.0058 -0.0034 0.0053 -0.0142 0.0098 0.0011 -0.1948 0.0630
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TILT PLATE DATA Plates 3& 4

Terra Tilt Field Data Sheet

Project: Hopkinton Dam - Outlet Channe! East Wall

Plate No: 3

Initial Date: Nov. 30, 1989

Date Aordg A180 rdg Bordg B180rdg Ao A180 A avg A cum, Bo 8180 B avg. Bcum. ARotn B Rot'n

Initial -0.0177 0.0024 -0.0251 0.0098 -0.0089 0.0012 -0.0051 0.0000 -0.0126 0.0049 -0.0088 0.0000 0.0000 0.0000
03-Jan-90 -0.0279 0.0125 -0.0251 0.0092 -0.0140 0,0083 -0.0102 -0.0051 -0.0126 0.0046 -0.0086 0.0002 -(0.2922 0.0115
19-Jan-90 -0.0285 0.0140 -0.0249 0.0099 -0.0143 0.0070 -0.0107 -0.0056 -0.0125 0.0050 -0.0088 0.0000 -0.3209 0.0000
02-Mar-90 -0.0246 0.0095 -0.0257 0.0099 0.0123 0.0048 -0.0086 -0.0035 -0.0129 0.0050 -0.0090 -0.0002 -0.2005 -0.0115
27-Apr-90 -0.0209 0.0025 -0.0274 0.0085 -0.0105 0.0013 -0.0059 -0.0008 -0.0137 0.0043 -0.0090 -0.0002 -0.0458 -0.0115
14-May-90 -0.0213 0.0028 -0.0271 0.0081 -0.0107 0.0014  -0.0061 -0.0010 -0.0136 0.0041 -0.0089 -0.0001 -0.0573 -0.0057
20-Aug-90 -0.0208 0.0030 -0.0258 0.0073 -0.0104 0.0015  -0.0060 -0.0009 -0.0129 0.0037 -0.0083 0.0005 -0.0516 0.0286
29-Oct-90 -0.0186 0.0040 -0.0240 0.0089 -0.0093 0.0020  -0.0057 -0.0006 -0.0120 0.0045 -0.0083 0.0005 -0.0344 0.0286
26-Apr-91 -0.0204 0.0026 -0.0259 0.0076 -0.0102 0.0013 -0.0058 -0.0007 -0.0130 0.0038 -0.0084 0.0004 -0.0401 0.0229
07-Aug-1 -0.0205 0.0011 -0.0268 0.0070 -0.0103 0.0006 -0.0055 -0.0004 -0.0134 0.0035 -0.0085 0.0003 -0.0229 0.0172
20-Apr-92 -0.0185 0.0028 -0.0251 0.00%0 -0.0093 0.0014 -0.0054 -0.0003 -0.0126 0.0045 -0.0086 0.0002 -0.0172 0.0115
28-Mar-94 -0.0267 0.0111 -0.0246 0.0091 0.0134 0.0056 -0.0095 -0.0044 -0.0123 0.0046 -0.0085 0.0003 -0.2521 0.0172
10-Nov-84 -0.0227 0.0071 -0.0253 0.0092 -0.0114 0.0036 -0.0075 -0.0024 0.0127 0.0046 -0.0087 0.0001 -0.1375 0.0057
30-Mar-95 -0.0223 0.0059 -0.0255 0.0088 -0.0112 0.0030 -0.0071 -0.0020 -0.0128 0.0044 -0.0086 0.0002 -0.1146 0.0115
25-Mar-96 -0.0258 0.0086 -0.0266 0.0089 -0.0129 0.0043 -0.0086 -0.0035 0.0133 0.0045 -0.0089 -0.0001 -0.2005 -0.0057

Terra Tilt Field Data Sheet

Project: Hopkinton Dam - Qutlet Channel East Wall

Plate No: 4

Initial Date: Nov. 30, 1989

Date Aordg A180rdy Bordg B180rdg Ao A180 Aavg A cum, Bo B180 B avg. Bcum. ARotn B Rotn

Initial -0.0182 0.0030 -0.0086 -0.0069 -0.0091 0.0015 -0.0053 0.0000 -0.0043 -0.0035 -0.0004 0.0000 0.0000 0.0000
03-dan-80 -0.028¢% 0.6131 -0,0089 -0.0071 -0.0145 0.0068  -0.0106 -0.0053 -0.0045 -0.0036 -0.0005 -0.0001 -0.3037 -0.0057
19-Jan-90 -0.0293 0.0145 -0.0082 -0.0066 -0.0147 0.0073 -0.0110 -0.0057 -0.0041 -0.0033 -0.0004 0.0000 -0.3266 0.0000
02-Mar-90 -0.0247 0.0092 -0.0084 -0.0073 -0.0124 0.0046 -0.0085 -0.0032 -0.0042 -0.0037 -0.0003 0.00M -0.1833 0.0057
27-Apr-90 -0.0215 0.0029 -0.0103 -0.0086 -0.0108 0.0015 -0.0062 -0.000% -0.0052 -0.0043 -0.0005 -0.0001 -0.0516 -0.0057
i4-May-9Q -0.0215 0.0031 -0.0103 -0.0084 -0.0108 0.0016 -0.0062 -0.0009 -0.0052 -0.0042 -0.0005 -0.0001 -0.0516 -0.0057
20-Aug-90 -0.0210 0.0026 -0.0111 -0.0076 -0.0105 0.0013  -0.0059 -0.0006 -0.0056 -0.0038 -0.0009 -0.0005 -0.0344 -0.0286
29-Oct-90 -0.0184 0.0036 -0.0096 -0.0052 -0.0092 0.0018 -0.0055 -0.0002 -0.0048 -0.0026 -0.0011 -0.0007 -0.011% -0.0401
26-Apr-91 -0.0204 0.0024 -0.0112 -0.0072 -0.0102 0.0012 -0.0057 -0.0004 -0.0056 -0.0036 -0.0010 -0.0006 -0.0229 -0.0344
07-Aug-91 -0.0207 0.0009 -0.0126 -0.0074 -0.0104 00005  -0.0055 -0.0002 -0.0063 -0.0037 -0.0013 -0.0009 -0.0115 -0.0516
20-Apr-92 -0.0185 0.0025 -0.0108 -0.0054 -0.0093 0.0013 -0.0053 0.0000 -0.0054 -0.0027 -0.0014 -0.0010 0.0000 -0.0573
28-Mar-94 -0.0250 0.0095 -0.0110 -0.0042 -0.0125 0.0048 -0.0087 -0.0034 -0.0055 -0.0021 -0.0017 -0.0013 -0.1948 -0.0745
10-Nov-94 -0.0214 0.0055 -0.0113 -0.0042 -0.0107 0.0028 -0.0068 -0.0015 -0.0057 -0.0021 -0.0018 -0.0014 -0.0859 -0.0802
30-Mar-95 -0.0214 0.0056 -0.0015 -0.0044 -0.0107 0.0028  -0.0068 -0.0015 -0.0008 -0.0022 0.0007 0.0011 -0.0859 0.0630
25-Mar-96 -0.0242 0.0066 0.0127 -0.0054 -0.0121 0.0033 -0.0077 -0.0024 -0.0064 -0.0027 -0.0019 -0.0015 -0.1375 -0.0859
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TILT PLATE DATA Plates 5&6

Terra Tilt Field Data Sheet
Project: Hopkinton Dam - Qutlet Channel East Wall
Plate No: 5
Initial Date: Nov. 30, 1889
Mo. Dy. Yr. Date Aordg A180 rdg Bordg B180rdg Ao A180 A avg Acum. Bo B180 Bavg. Bcum. ARotn B Rot'n
Initiat -0.0593 0.0451° 0.0248 -0.0399 -0.0287 0.0226 -0.0262 0.0000 0.0124  -0.0200 0.0162 0.0000 0.0000 0.0000

3 80 03-Jan-90 -0.0698 0.0551 0.0244 -0.0402 -0.0349 0.0276 -0.0313 -0.0051 0.0122 -0.0201 0.0162 0.0000 -0.2922 0.0000
19 90  19-Jan-90 -0.0705 0.0568 0.0248 -0.0393 -0.0353 0.0284 -0.0319 -0.0057 0.0124 -0.0197 0.0161 -0.0001 -0.3266 -0.0057
2 90 02-Mar-90 -0.0667 0.0521 0.0245 -0.0403 -0.0334 0.0261 -0.0298 -0.0036 0.0123 -0.0202 0.0163 0.0001 -0.2063 0.0057
27 90 27-Apr-90 -0.0652 0.0475 0.0230 -0.0418  -0.0326 0.0238 -0.0282  -0.0020 0.0115 -0.0208 0.0162 0.0000 -0.1146 0.0000
14 80 14-May-90 -0.0653 0.0480 0.0230 -0.0417 -0.0327 0.0240 -0.0284  -0.0022 0.0115 -0.0209 0.0162 0.0000 -0.1261 0.0000
20 90 20-Aug-80 -0.0662 0.0487 0.0229 -0.0415 -0.0331 0.0244 -0.0288 -0.0026 0.0115 -0.0208 0.0162 0.0000 -0.1490 0.0000
29 90  29-Oct-90 -0.0632 0.0496 0.0246 -0.0393 -0.0318 0.0248 -0.0282 -0.0020 0.0123 -0.0197 0.0160 -0.0002 -0.1146 -0.0115
26-Apr-91 -0.0653 0.0484 0.0234 -0.0415 -0.0327 0.0242 -0.0285 +0.0023 0.0117 -0.0208 0.0163 0.0001 -0.1318 0.0057
7 91 07-Aug-91 -0.0658 0.0472 0.0229 -0.0427 -0.0329 0.0236 -0.0283  -0.0021 0.0115 -0.0214 0.0165 0.0003 -0.1203 0.0172
20 92 20-Apr-92 -0.0635 0.0487 0.0248 -0.0408  -0.0318 0.0244 -0.0281 -0.0019  0.0124 -0.0204 0.0164 0.0002 -0.1089 0.0115
28 94 28-Mar-94 -0.0710 0.0558 0.0240 -0.0400 -0.0355 0.0280 -0.0318 -0.0056 0.0120 -0.0200 0.0160 -0.0002 -0.3200 -0.0115
10 94 10-Nov-94 -0.0670 0.0527 0.0241 -0.0400 -0.0335 0.0264 -0.0300 -0.0038 0.0121 -0.0200 0.0161 -0.0001 -0.2177 -0.0057
30 95 30-Mar-95 -0.0671 0.0515 0.0234 -0.0403 -0.0336 0.0258 -0.0297 -0.0035 0.0117 -0.0202 0.0180 -0.0002 -0.2005 -0.0115
25 96  25-Mar-96 -0.0698 0.0533 0.0228 -0.0404 -0.0349 0.0267 -0.0308  -0.0046 0.0114 -0.0202 0.0158 -0.0004 -0.2636 -0.0229
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Terra Tilt Field Data Sheet
Project: Hopkinton Dam - Outlet Channe! East Wall

Plate No: ]
Initial Date: Nov. 30, 1989

Mo. Dy. Yr. Date Aordg A180rdg Bordg B1380rdg Ao A180 A avg Acum, Bo 8180 B avg. Bcum. ARotn B Rotn
initial -0.0515 0.0364  -0.0458 0.0308  -0.0258 0.0182 -0.0220 0.0000 -0.0229 0.0124  -0.0192 0.0000 0.0000 ©.0000

3 90 03-Jan-90 -0.0621 0.0461 -0.0459 0.0300 -0.0311 0.0231 -0.0271 -0.0051 -0.0230 0.0150  -0.0180 0.0002 -0.2022 0.0115
19 90  19-Jan-90 -0.0628 0.0478 -0.0450 0.0302 -0.0314 0.0239 -0.0277 -0.0057 -0.0225 0.0151 -0.0188 0.0004 -0.3266 0.0229
2 90 02-Mar-90 -0.0592 0.0433 -0.0456 0.0300 -0.0296 0.0217 -0.0257 -0.0037 -0.0228 0.0150 -0.0189 0.0003 -0.2120 0.0172
27 90  27-Apr-80 -0.0563 0.0372 -0.0480 0.0290 -0.0282 0.0186 -0.0234 -0.0014 -0.0240 0.0145  -0.0193 -0.0001 -0.0802 -0.0057
14 90 14-May-90 -0.0564 0.0378 -0.0479 0.0204 -0.0282 0.0188 -0.0236 -0.0016 -0.0240 0.0147  -0.0194 -0.0002 -0.0917 -0.0115
20 90  20-Aug-S0 -0.0578 0.0384  -0.0482 00203  -0.0289 0.0192 -0.G241 -0.0621 -0.0241 0.0147  -0.0194 -0.0002 -0.1203 -0.0115
29 90  29-Oct-80 -0.0547 0.0398 -0.0461 0.0313 -0.0274 0.0199 -0.0237 -0.0017 -0.0231 0.0157  -0.0194 -0.0002 -0.0974 -0.0115
26-Apr-91 -0.0571 0.0391 -0.0478 0.0300 -0.0286 0.0196 -0.0241 -0.0021 -0.023¢9 0.0150  -0.0195 -0.0003 -0.1203 -0.0172
7 91 07-Aug-91 -0.0573 0.0375 -0.0492 0.0295  -0.0287 0.0188 -0.0238 -0.0018 -0.0246 0.0148  -0.0197 -0.0005 -0.1031 -0.0286
20 92 20-Apr92 -0.0550 0.038%  -0.0468 0.0307 -0.0275 0.0195 -0.0235 -0.0015 -0.0234 0.0154  -0.0194 -0.0002 -0.0859 -0.0115
28 94  28-Mar-94 -0.0608 0.0448  -0.0456 0.0297 -0.0304 0.0224 -0.0264 -0.0044 -0.0228 0.0148  -0.0189 0.0003 -0.2521 0.0172
10 94  10-Nov-24 -0.0570 0.0410 -0.0450 0.0295 -0.0285 0.0205 -0.0245 -0.0025 -0.0225 00148  -0.0187 0.0005 -0.1432 0.0286
30 95 30-Mar-85 -0.0571 0.0398 -0.0458 0.0291 -0.0286 0.0199 -0.0243 -0.0023 -0.0229 0.0146  -0.0188 0.0004 -0.1318 0.0229
25 96 25-Mar-86 -0.0585 0.0418 -0.0457 0.0280 -0.0298 0.020% -0.0254  -0.0034 -0.0229 0.0140  -0.0185 0.0007 -0.1948 0.0401
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Terra Tilt Field Data Sheet

TILT PLATE DATA

Plates 7 &8

Project: Hopkinton Dam - Cutlet Channe! East Wall
Plate No: 7
Initial Date: Nov. 30, 1989
Hlo. Dy. Yr. Date Aordg A180rdg Bordg B180rdg Ao A180 A avg Acum. Bo B180 B avg. Beoum. ARoth B Rot'n
Initial 0.0195 -0.0345 -0.0167 0.0014 0.0098  -0.0173 0.0136 0.0000 -0.0084 0.0007 -0.0046 0.0000 0.0000 0.0000
1 3 90 03-Jan-90 0.0092 -0.0248 -0.0173 0.0011 0.0046  -0.0124 0.0085 -0.0051 -0.0087 0.0006 -0.0047 -0.0001 -0.2922 -0.0057
1 19 8¢ 19-Jan-90 0.0084 -0.0230 -0.0170 0.0020 0.0042 -0.0115 0.0079 -0.0057 -0.0085 0.0010 -0.0048 -0.0002 -0.3266 -0.0115
3 2 80 02-Mar-80 0.0121 -0.0277 -0.0175 0.0015 0.0061 -0.0139 0.0100 -0.0036 -0.0088 0.0008 -0.0048 -0.0002 -0.2063 -0.0115
4 27 90 27-Apr-80 0.0153 -0.0342 -0.0202 0.0011 00077  -0.01M 0.0124 -0.0012 -0.0101 0.0006 -0.0054 -0.0008 -0.0688 -0.0458
5 14 90 14-May-90 0.0156 -0.0341 -0.0201 0.0012 00078 -0.0171 0.0125 -0.0011 -0.0101 0.0006  -0.0054 -0.0008 -0.0630 -0.0458
8 20 80 20-Aug-90 0.0167 -0.0354 -0.0214 0.0023 0.0084  -0.0177 0.0131 -0.0005 -0.0107 0.0012 -0.0060 -0.0014 -0.0286 -0.0802
10 29 80  29-Oct-90 0.0199 -0.0345 -0.0194 0.0044 0.0100 -0.0173 0.0137 0.0001 -0.0097 0.0022 -0.0060 -0.0014 0.0057 -0.0802
4 26 91  26-Apr91 - 0.0184 -0.0362 -0.0212 0.0028 0.0092  -0.0181 0.0137 0.000% -0.0108 0.00t4  -0.0060 -0.0014 0.0057 -0.0802
8 7 91 07-Aug-91 0.0184 -0.0380 -0.0217 0.0016 0.0092  -0.0190 0.0141 0.0005 -0.0109 0.0008  -0.0059 -0.0013 0.0288 -0.0745
4 20 92 20-Apr-92 0.0202 -0.0363 -0.0199 0.0034 0.0101 -0.0182 0.0142 0.0006 -0.0100 0.0017 -0.0059 -0.0013 0.0344 -0.0745
3 28 94 28-Mar-94 0.0129 -0.02¢0 -0.0190 0.0027 0.0065  -0.0145 0.01058  -0.0031 -0.0095 0.0014 -0.0055 -0.0009 -0.1776 -0.0516
11 10 84  10-Nov-94 0.0169 -0.0326 -0.0187 0.0024 0.0085 -0.0163 0.0124  -0.0012 -0.0094 0.0012 -0.0053 -0.0007 -0.0688 -0.0401
3 30 95 30-Mar-95 0.0160 -0.0340 -0.0198 0.0014 0.0080 -0.0170 0.0125  -0.00%1 -0.0099 0.0007 -0.0053 -0.0007 -0.0630 -0.0401
3 25 96 25-Mar-96 0.0145 -0.0323 -0.0203 0.0021 0.0073 -0.0162 00118  -0.0018 -0.0102 0.0011 -0.0057 -0.0011 -0.1031 -0.0630
Terra Tilt Field Data Sheet
Project: Hopkiniton Dam - Qutlet Channel East Wall
Plate No: 8
Initial Date: Nov. 30, 1989
Mo. Dy. Yr. Date Aordg A180rdg Bordg B180rdg Ao A180 A avg Acum Bo B180 B avg Bcum. ARotn B Rot'n
Initial 0.0272 -0.0423 -0.0152 0.0002 0.0136  -0.0212 0.0174 0.0000 -0.0076 0.0001 -0.003%8 0.0000 0.0000 0.0000
1 3 60 03-Jan-80 0.0174 -0.0332 -0.0150 -0.0008 0.0087  -0.0166 0.0127 -0.0047 -0.0075 -0.0004 -0.0036 0.0003 -0.2693 0.0172
119 90 19-Jan-80 0.0172 -0.0318  -0.0146 0.0000 0.0086  -0.0159 0.0123 -0.0051 -0.0073 0.0000 -0.0037 0.0002 -0.2922 0.0115
3 2 90 02-Mar-80 0.0218 -0.0375 -0.0146 -0.0012 0.0100  -0.0188 0.0149 -0.0025 -0.0073 -0.0006 -0.0034 0.0005 -0.1432 0.0286
4 27 90 27-Apr-90 0.0250 -0.0438 -0.0170 -0.0021 0.0125  -0.0219 0.0172 -0.0002 -0.0085 -0.00%1 -0.0037 0.0002 -0.0115 0.0115
5 14 90 14-May-90 0.0249 -0.0435 -0.0170 -0.001¢ 0.0125  -0.0218 0.0172 -0.0002 -0.0085 -0.0010 -0.0038 0.0001 -0.0115 0.0057
8 20 90 20-Aug-90 0.024%9 -0.0435 -0.0184 -0.0004 0.0125  -0.0218 0.0172 -0.0002 -0.0092 -0.0002 -0.0045 -0.0006 -0.0115 -0.0344
10 28 90  29-Oct-90 0.0273 -0.0419 -0.0165 0.0018 0.0137  -0.0210 0.0174 0.0000 -0.0083 0.0009 -0.0046 -0.0007 0.0000 -0.0401
4 26 91 26-Apr-91 0.0261 -0.0438 -0.0171 -0.0011 0.0131 -0.0219 0.0175 0.0001 -0.0086 -0.0006 -0.0040 -0.0001 0.0057 -0.0057
8 7 91 07-Aug-91 0.0262 -0.0459  -0.0193 -0.0007 D.0131 -0.0230 0.0181 0.0007 -0.0087 -0.0004 -0.0047 -0.0008 0.0401 -0.0458
4 20 92  20-Apr-92 0.0277 -0.0439 -0.0173 0.010 0.0139 -0.0220 0.0180 0.0008 -0.0087 0.0005 -0.0046 -0.0007 0.0344 -0.0401
3 28 94 28-Mar-94 0.0206 -0.0364 -0.0180 0.0020 0.0103 -0.0182 0.0143 -0.0031 -0.0080 0.0010 -0.0050 -0.0011 0.1776 -0.0630
11 10 94  10-Nov-94 0.0241 -0.0400 -0.0187 0.0025 0.0121 -0.0200 0.0161 -0.0013 -0.0094 0.0013 -0.0054 -0.0015 -0.0745 -0.0859
3 30 95 30-Mar-95 0.0236 -0.0415 -0.0194 0.0014 0.0118  -0.0208 0.0163  -0.0011 -0.0097 0.0007 -0.0052 -0.0013 -0.0630 -0.0745
3 25 96 25-Mar-98 0.0229 -0.0405 -0.0193 0.0015 0.0115 -0.0203 0.0158  -0.0015 -0.0097 0.0008 -0.0053 -0.0014 -0.0859 -0.0802
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TILT PLATE DATA Plates 9 & 10
Terra Tilt Field Data Sheet
Project: Hopkinton Dam - Outiet Channel East Walk
Plate No: 9
Initial Date: Nov. 30, 1989
Mo. Dy. YT. Date Aordg A180rdg Bordg B180rdg Ao A180 A avg Acum. Bo B180 B avg. B cum. ARotn B Rot'n
initial -0.0265 0.0112 0.0130 -0.0280 -0.0133 0.0056  -0.0095 0.0000 0.0065 -0.0140 0.0103 0.0000 0.0000 0.0000
1 3 90 03-Jan-80 -0.0360 0.0198 0.0128 -0.0283 -0.0180 0.0099  -0.0140  -0.0045 0.0064 -0.0142 0.0103 0.0000 -0.2578 0.0000
1 19 90 19-Jan-80 -0.0365 0.0215 0.0132 -0.0277 -0.0183 0.0108 -0.0146 -0.0051 0.0066 -0.0139 0.0103 (.0000 -0.2922 0.0000
3 2 90 02-Mar-90 -0.0331 0.0170 0.0123 -0.0279 -0.0166 0.0085 -0.0126 -0.0031 0.0062 -0.0140 0.0101 -0.0002 -0.1776 -0.0115
4 27 90  27-Apr-90 -0.0296 0.0106 0.0099 -0.0288  -0,0148 0.0053  -0.0101 -0.0008 0.0050 -0.0144 0.0097 -0.0006 -0.0344 -0.0344
5 14 80 14-May-90 -0.0297 0.0107 0.0100 -0.0280 -0.0149 0.0054  -0.0102  -0.0007 0.0050 -0.0145 0.0098 -0.0005 -0.0401 -0.0286
8 20 90 20-Aug-90 -0.0296 0.0109 0.0098 -0.0283 -0.0148 0.0056  -0.0102  -0.0007 0.0049 -0.0142 0.0056 -0.0007 -0.0401 -0.0401
10 29 80  29-Oct-90 -0.0270 0.0121 0.0119 -0.0266 -0.0135 0.0061 -0.0088  -0.0003 0.0060 -0.0133 0.0097 -0.0006 -0.0172 -0.0344
4 26 91 26-Apr-91 -0.0289 0.0108 0.0104 -0.0281 -0.0145 0.0054 -0.0100  -0.0005 0.0052 -0.0141 0.0097 -0.0006 -0.0286 -0.0344
8 7 91 07-Aug-91 -0.0298 0.0096 0.0096 -0.0294 -0.0149 0.0048 «0.0089 -0.0004 0.0048 -0.0147 0.0098 -0.0005 -0.0229 -0.0286
4 20 92 20-Apr-92 -0.0280 0.0115 0.0115 -0.0278 -0.0140 G.0058 -0.0052 -0.0004 0.0058 -0.0139 0.0099 -0.0004 -0.0229 -0.0229
3 28 94 28-Mar-94 -0.0350 0.0188 0.0118 -0.0282  -0.0175 0.0084 -0.0135  -0.0040 0.0059 -0.0141 0.0100 -0.0003  -0.2292 -0.0172
11 10 94 10-Nov-94 -0.0318 0.0157 0.0120 -0.0282 -0.0158 0.0079 -0.0119  -0.0024 0.0060 -0.0141 0.0101 -0.0002 0.1375 -0.0115
3 30 85 30-Mar-95 -0.0325 0.0147 0.0112 -0.0290 -0.0163 0.0074 -0.0119 -0.0024 0.0056 -0.0145 0.0101 -0.0002 -0.1375 -0.0115
3 25 96 25-Mar-96 -0.0338 0.0161 0.0111 -0.0291 -0.0169 0.0081 -0.0125  -0.0030 0.0056 -0.0146 0.0101 -0.0002 -0.1719 -0.0115
Terra Tilt Field Data Sheet
Project: Hopkinton Dam - Outlet Channel East Wall
Plate No: 10
Initial Date: Nov. 30, 1989
Mo. Dy. Yr. Date Aordg A180rdg Bordg B180rdg Ao A180 A avg Acum Bo B180 B avg. B cum. ARotn B Rot'n
Initial -0.0484 0.0335 -0.0696 0.0543 -0.0242 0.0168 -0.0205 0.0000 -0.0348 0.0272 -0.0310 0.0000 0.0000 0.0000
t 3 90 03-Jan-80 -0.0564 0.0406 -0.0701 0.0543 -0.0282 0.0203 -0.0243 -0.0038 -0.0351 0.0272 -0.0312 -0.0002 -0.2177 0.0115
119 90  19-Jan-90 -0.0565 0.0418 -0.0697 0.0548 -0.0283 0.0209 0.0246 -0.0041 -0.0349 0.0274 -0.0312 -0.0002 -0.2349 -0.0115
3 2 90 02Mar-90 -0.0531 0.0375 -0.0700 0.0543 -0.0266 0.0188  -0.0227  -0.0022 -0.0350 0.0272 -0.0311 -0.0001  -0.1281 -0.0057
4 27 90 27-Apr-90 -0.0511 0.0323 -0.0726 0.0533 -0.0256 0.0162  -0.0208  -0.0004 -0.0363 0.0267 -.0315 -0.0005  -0.022¢  -0.0286
5 14 90 14-May-90 -0.0512 0.0326 -0.0727 0.0539 -0.0256 0.0163  -0.0210  -0.0005 -0.0364 0.0270 -0.0317 -0.0007 -0.0286 -0.0401
8 20 90 20-Aug-80 -0.0517 0.0331 -0.0736 0.0551 -0.0259 0.0166  -0.0213  -0.0008 -0.0368 00276 -0.0322 -0.0012 -00458  -0.0688
10 29 90  29-Oct-90 -0.0490 0.0346 00714 0.0565  -0.0245 0.0173  -0.0209  -0.0004 -0.0357 0.0283 -0.0320 -0.0010 -0.0229 -0.0573
4 26 91  26-Apr-91 -0.0508 0.0330 0.0731 0.0552 -0.0254 0.0165 -0.0210 -0.0005 -0.0366 0.0278 -0.0321 -0.0011 -0.0286 -0.0630
8 7 91 (7-Aug-91 -0.0516 0.0322 -0.0746 0.0546 -0.0258 0.0161 -g.0210  -0.0005 -0.0373 0.0273 -0.0323 -0.0013 -0.0286 -0.0745
4 20 92 20-Apr-92 -0.0502 0.0338 -0.0726 0.0561 -0.0251 0.0168  -0.0210  -0.0005 -0.0363 0.0281 -0.0322 -0.0012 -0.0286 -0.0688
3 28 94 28-Mar-94 -0.0560 0.0401 -0.0720 0.0561 -0.0280 0.0201 -0.0241 -0.0036 -0.0360 0.0281 -0.0321 -0.0011 -0.2063 -0.0630
11 10 94 10-Nov-94 -0.0546 0.0388 -0.0725 0.0562 -0.0273 0.0184 -0.0234 -0.0029 -0.0363 0.0281 -0.0322 -0.0012 -0.1662 -0.0688
3 30 95 30-Mar-95 -0.0554 0.0380  -0.0730 0.0555  -0.0277 0.0180  -0.0234  -0.0028 -0.0365 0.0278 -0.0322 -0.0012 -0.1662 -0.0688
3 25 96 25-Mar-96 -0.0571 0.03%4  -0.0735 0.0555  -0.0286 0.0197  -0.0242  -0.0037 -0.0368 0.0278 -0.0323 -0.0013 -0.2120 -0.0745
50f9
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TILT PLATE DATA Plates 11 & 12
Terra Tilt Field Data Sheet
Project: Hopkinton Dam - Outlet Channe! East Wall
Plate No: "
Initial Date: Nov. 30, 1989
Mo. Dy. Yr. Date Aordg A180rdg Bordg B180rd Ao A180 Aavg A cum Bo B180 B avg. B cum. A Rotn B Rot'n
tnitial -0.0541 0.0389 -0.0022 00132  -0.0271 0.0185  -0.0233 0.0000 -0.0011 -0.0066 0.0028 0.0000 0.0000 0.0000
1 3 90 03-Jan-90 -0.0605 0.0447 -0.0031 -0.0125  -0.0303 00224  -0.0264 -0.0031 -0.0016  -0.0063 0.0024 -0.0004 -0.1776 -0.0229
118 90  19-Jan-90 -0.0613 0.0465 -0.0027 -0.0122  -0.0307 0.0233  -0.0270 -0.0037 -0.0014  -0.0081 0.0024 -0.0004 -0.2120 -0.0229
3 2 80 02-Mar-90 -0.0589 0.0431 -0.0025 -0.0135  -0.0285 0.0216  -0.0256 -0.0023 -0.0013 -0.0068 0.0028 0.0000 -0.1318 0.0000
4 27 90  27-Apr-90 -0.0577 0.0385 -0.0039 -0.0154  -0.0289 0.0193  -0.0241 -0.0008 -0.0020  -0.0077 0.0029 0.0001 -0.0458 0.0057
5 14 90 14-May-90 -0.0577 0.0389 -0.0037 -0.0152 -0.0289 0.0185  -0.0242 -0.0009 -0.0019 -0.0076 0.0029 0.0001 -0.0516 0.0057
8 20 90 30-Mar-00 -0.05687 0.0398 -0.0040 -0.0150  -0.0284 0.0198  -0.0247 -0.0014 -0.0020  -0.0075 0.0028 0.0000 -0.0802 0.0000
10 29 80  25-Oct-90 -0.0556 0.0407 -0.0019 0.0130 -0.0278 0.0204  -0.0241 -0.0008 -0.0010  -0.0065 0.0028 0.0000 -0.0458 0.0000
4 26 91 26-Apr-91 -0.0580 0.0399 -0.0038 -0.0142 -0.0290 0.0200 -0.0245 -0.0012 -0.001¢  -0.0071 0.0028 -0.0002 -0.0688 -0.0115
8 7 91 07-Aug-91 -0.0581 0.0381 -0.0042 -0.0158  -0.02¢1 0.0191 -0.0241 -0.0008 -0.0021 -0.0079 0.0029 0.0001 -0.0458 0.0057
4 20 92 20-Apr-92 -0.0564 0.0398 -0.0022 -0.0142  -0.0282 0.0198  -0.0241 -0.0008 -0.0011 -0.0071 0.0030 0.0002 -0.0458 0.0115
3 28 94 28-Mar-94 -0.0602 0.0442 -0.0010 -0.0145  -0.0301 0.0221 -0.0261 -0.0028 -0.0005  -0.0073 0.0034 0.0006 -0.1604 0.0344
11 10 94 10-Nov-94 -0.0583 0.0420 -0.0010 -0.0149  -0.0282 0.0210  -0.0251 -0.0018 -0.0005  -0.0075 0.0035 0.0007 -0.1031 0.0401
3 30 95 30-Mar-95 -0.0590 0.0414 -0.0015 -0.0160 -0.0295 0.0207  -0.0251 -0.0018 -0.0008 - -0.0080 0.0036 0.0008 -0.1031 0.0458
3 25 96 25Mar-96 -0.0601 0.0426 -0.0012 -0.0165  -0.0301 0.0213 -0.0257 -0.0024 -0.0006 -0.0083 0.0039 0.0011 -0.1375 0.0630
Terra Tilt Field Data Sheet ;
Project: Hopkinton Dam - Qutlet Channel East Wall
Plate No: 12
Initial Date: Nov. 30, 1989
Mo.By. Yr. Date Aordg A180 rdg Bordg B180rdg Ao A180 A avy A cum. Bo B180 B avg. Bcum. ARotn B Rot'n
Initial -0.0032 -0.0118 -0.0082 -0.0068  -0.0016 -0.0059 0.0022 0.0000  -0.0046 -0.0034 -0.0006 0.0000 0.0000 0.0000
1 3 80 03-Jan-90 -0.0062 -0.0095 -0.0098 -0.0065  -0.0031 -0.0048 0.0009 -0.0013 -0.0049 -0.0033 -0.0008 -0.0002 -0.0745 -0.0115
119 90 19-Jan-90 -0.0058 -0.0088 -0.0089 -0.0066  -0.0029 -0.0044 0.0008 -0.0014 -0.0045  -0.0033 -0.0006 0.0000 -0.0802 0.0000
3 290 02-Mar-90 -0.0048 -0.0111 -0.0090 -0.0066  -0.0024 -0.0056 0.0016 -0.0006 -0.0045  -0.0033  -0.0006 0.0000 -0.0344 0.0000
4 27 S0 27-Apr-50 -0.0045 -0.0147 -0.0101 -0.0096  -0.0023 -0.0074 0.0026 0.0004 -0.0051 -0.0048 -0.0002 0.0004 0.0229 0.0229
5 14 90 14-May-90 -0.0043 -0.0144 -0.0098 -0.0102  -0.0022 -0.0072 0.0025 0.0003 -0.0049  -0.0051 0.0001 0.0007 0.0172 0.0401
8 20 90 20-Aug-90 -0.0040 -0.0149 -0.0091 -0.0102  -0.0020 -0.0075 0.0028 0.0006 -0.0046 -0.0051 0.0002 0.0008 0.0344 0.0458
10 29 90 29-Oct-90 -0.0023 -0.0133 -0.0069 -0.0081 -0.0012 -0.0067 0.0028 0.0006 -0.0035 -0.0041 0.0003 0.0009 0.0344 0.0516
4 26 91 26-Apr-91 -0.0032 -0.0148 -0.0086 -0.0097  -0.0016 -0.0074 0.06029 0.0007 -0.0043  -0.0049 0.0003 0.0009 0.0401 0.0516
8 7 91 (07-Aug-91 -0.0031 -0.0168 -0.0101 -0.0102  -0.0016 -0.0084 0.0034 0.0012 -0.0051 -0.0051 0.0000 0.0006 0.0688 0.0344
4 20 92 20-Apr-92 -0.0009 -0.0153 -0.0085 -0.0082  -0.0005 -0.0077 0.0036 0.0014 -0.0043  -0.0041 -0.0001 0.0005 0.0802 0.0286
3 28 94 28-Mar-94 -0.0019 -0.0138 -0.0100 -0.0067  -0.0010 -0.0069 0.0030 0.0008 -0.0050 -0.0034 -0.0008 -0.0002 0.0458 -0.0115
11 10 94 10-Nov-94 -0.0022 -0.0153 -0.0099 -0.0064  -0.0011 -0.0077 0.0033 0.0011 -0.0050 -0.0032 -0.0008 -0.0003 0.0630 -0.0172
3 30 95 30-Mar-95 -0.0010 0.0157 -0.0103 -0.0070  -0.0005 -0.0079 0.0037 0.0015 -0.0052 -0.0035 -0.0009 -0.0003 0.0859 00172
3 25 96 25-Mar-96 -0.0016 -0.0157 -0.0106 -0.0071 -0.0008 -0.0079 0.0036 0.0014 -0.0053 -0.0036 -0.0009 -0.0003 0.0802 -0.0172
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TILT PLATE DATA Plates 13 & 14
Terra Tilt Field Data Sheet
Project: Hopkinton Dam - Outlet Channel East Wall
Plate No: 13
Initial Date: Nov. 30, 1989
ﬂlo. Dy. Yr. Date Aordg A180rdg Bordg B180rdg Ao A180 Aavg A cum, Bo B180 B avg. Beoum. A Rotn B Rot'n
Initial 0.0219 -0.0431 0.0208 -0.0328 0.0110 -0.0216 0.0163 0.0000 0.0104 -0.0164 0.0134 0.0000 0.0000 0.0000
1 3 90 03-Jan-90 0.0198 -0.0416 0.0200 -0.0325 0.0099 -0.0208 0.0154 -0.0009 0.0100 -0.0163 0.0132 -0.0002 -0.0516 -0.0115
119 90 19-Jan-90 0.0192 -0.0402 0.0205 -0.0322 0.0096  -0.0201 0.0148  -0.0014 0.0103 -0.0161 0.0132 -0.0002 -0.0802 -0.0115
3 2 90 02-Mar-90 0.0197 -.0416 0.0206 -0.0330 00088  -0.0208 0.0154°  -0.0009 0.0103 -0.0165 0.0134 0.0000 -0.0516 0.0000
4 27 90 27-Apr-90 0.0197 -0.0451 0.0194 -0.0353 0.0099  -0.0226 0.0163 0.0000 0.0097 -0.0177 0.0137 0.0003 0.0000 0.0172
5 14 90 14-May-20 0.0196 -0.0444 0.0196 -0.0352 0.0098  -0.0222 0.0160  -0.0003 0.0098 -0.0176 0.0137 0.0003 -0.0172 0.0172
8 20 90 20-Aug-90 0.0198 -0.0448 0.0203 -0.0360 0.0085 -0.0224 0.0162 -0.0001 0.0102 -0.0180 0.0141 0.0007 -0.0057 0.0401
10 28 90 29-Oct-80 0.0222 -0.0430 0.0225 -0.033¢ 0.0111 -0.0215 0.0163 0.0000 0.0113 -0.0170 0.0142 0.0008 0.0000 0.0458
4 26 91 26-Apr-91 0.0206 -0.0448 0.0202 -0.0351 00103  -0.0224 0.0164 0.0001 0.0101 -0.0176 0.0139 0.0005 0.0057 0.0286
8 7 91 07-Aug-91 0.0212 -0.0476 0.0181 -0.0351 00106  -0.0238 0.0172 0.0009 0.0091 -0.0178 0.0134 0.0000 0.0516 0.0000
4 20 92  20-Apr-92 0.0231 -0.0458 0.0197 -0.0330 0.0116 -0.0229 0.0173 0.0010 0.0098 -0.0165 0.0132 -0.0002 0.0573 -0.0115
3 28 94 28-Mar-94 0.0219 -0.0442 0.0189 -0.0320 0.0110 -0.0221 0.0166 0.0003 0.0095 -0.0160 0.0128 -0.0006 0.0172 -0.0344
i1 10 94  10-Nov-94 0.0234 -0.0454 0.0184 -0.0318 0.0117 ~-0.0227 0.0172 0.0009 0.0092 -0.0159 0.0126 -0.0008 0.0516 -0.0458
3 30 95 30-Mar-95 0.0230 -0.0462 0.0179 -0.0321 0.0115  -0.023 0.0173 0.0010 0.0090 -0.0161 0.0126 -0.0008 0.0573 -0.0458
3 256 96 25-Mar-96 0.0227 -0.0463 0.0170 -0.0327 0.0114  -0.0232 0.0173 0.0010 0.0085 -0.0164 0.0125 -0.0009 0.0573 -0.0516
Terra Tilt Field Data Sheet
Project: Hopkinton Dam - Qutlet Channet East Wall
Plate No: 14
Initial Date: Nov. 30, 1989
Mo. Dy. Yr. Date Aordg A180rdg Bordg B180rdg Ao A180 A avg A cum Bo B180 B avg B cum. ARotn B Rot'n
Initiat -0.0631 0.0477 0.0007 -0.0161 -0.0316 0.0239 -0.0278 0.0000 0.0004 -0.0081 0.0043 0.0000 0.0000 0.0000
1 3 90 03-Jan-90 -0.0632 0.0472 0.0002 -0.0161 -0.0316 0.0236 -0.0276 0.0002 0.0001 -0.0081 0.0041 -0.0002 0.0115 -0.0115
118 80 19-Jan-90 -0.0629 0.0479 0.0004 -0.0154 -0.0315 0.0240 -0.0278 0.0000 0.0002 -0.0077 0.0040 -0.0003 0.0000 -0.0172
3 2 90 02Mar90 -0.0640 0.0478 0.0000 -0.0161 -0.0320 0.0239 -0.0280 -0.0002 0.0000 -0.0081 0.0041 -0.0002 -0.0115 -0.0115
4 27 90  27-Apr-90 -0.0659 0.0464 -0.0021 -0.0174 -0.0330 0.0232 -0.0281 -0.0003 -0.0011 -0.0087 0.0038 -0.0005 -0.0172 -0.0286
5 14 90 14-May-90 -0.0656 0.0468 -0.0018 -0.0175 -0.0328 0.0234 -0.0281 -0.0003 -0.0009 -0.0088 0.0040 -0.0003 -0.0172 -0.0172
8 20 90 20-Aug-90 -0.0659 0.0469 -0.0026 -0.0169 -0.0330 0.0235 -0.0283 -0.0005 -0.0013 -0.0085 0.0036 -0.0007 -0.0286 -0.0401
10 29 90  29-Oct-90 -0.0641 0.0491 -0.0008 -0.0143  -0.0321 0.0246 -0.0284 -0.0006 -0.0004 -0.0072 0.0034 -0.0009 -0.0344 -0.0516
4 26 91 26-Apr-91 -0.0657 0.0474  -0.0021 -0.0165  -0.0329 0.0237 -0.0283 -0.0005 -0.00114 -0.0083 0.0036 -0.0007 -0.0286 -0.0401
8 7 91 07-Aug-91 -0.0662 0.0458 -0.0028 -0.0177  -0.0331 0.0229 -0.0280 -0.0002 -0.0014 -0.0089 0.0038 -0.0005 -0.0115 -0.0286
4 20 92  20-Apr-92 -0.0643 0.0476 -0.0016 0.0152  -0.0322 0.0238 -0.0280 -0.0002 -0.0008 -0.0076 0.0034 -0.0009 -0.0115 -0.0516
3 28 94 28-Mar-94 -0.0632 0.0467 0.0000 -0.0163  -0.0316 0.0234 -0.0275 0.0003 0.0000 -0.0082 0.0041 -0.0002 0.0172 -0.0115
11 10 94  10-Nov-94 -0.0837 0.0474 0.0000 -0.0169 -0.0319 0.0237 -0.0278 0.0000 0.0000 -0.0085 0.0043 0.0000 0.0000 0.0000
3 30 95 30-Mar-95 -0.0645 0.0465 -0.0002 -0.0175 -0.0323 0.0233 -0.0278 0.0000 -0.0001 -0.0088 0.0044 0.0001 0.0000 0.0057
3 25 96 25-Mar-96 -0.0642 0.0466 -0.0007 -0.0175 -0.0321 0.0233 . -0.0277 0.0001 -0.0004 -0.0088 0.0042 -0.0001 0.0057 -0.0057
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TILT PLATE DATA Plates 15 & 16

Terra Tilt Field Data Sheet
Project: Hopkinton Dam - Qutlet Channel East Wall
Plate No: 15
Initial Date: Nov. 30, 1989
Mo. Dy. Y. Date Aordg A180rdg Bordg B180rdg Ao A180 Aavg Acum. Bo B180 B avg. B cum. ARotn B Rot'n
Initial 0.0750 0.0598 0.0112 0.0045 -0.0375% 0.0300  -0.0338 0.0000 -0.0056 -0.0023 -0.0017 0.06000 0.0000 0.0000
3 90 03-Jan-90 -0.0823 0.0670 -0.0115 -0.0046 -0.0412 0.0335 -0.0374 -0.0036 -0.0058 -0.0023 -0.0018 -0.0001 -0.2063 -0.0057
19 90  19-Jan-90 -0.0815 0.0669 -0.0110 -0.0041 -0.0408 0.0336  -0.0372 -0.0034 -0.0055 -0.0021 -0.0017 0.0000 -0.1948 0.0000

2 90 02-Mar-90 -0.0782 0.0626  -0.0112 -0.0048  -0.0391 00313  -0.0352  -0.0014 -0.0056 -0.0025 -0.0016 0.0001 -0.0802 0.0057
27 80  27-Apr-90 -0.0784 0.0585  -0.0131 -0.00863 -0.0382 00298 -00345  -0.0007 -0.0066 -0.0032 -0.0017 0.0000 -0.0401 0.0000
14 90 14-May-90 -0.0781 0.0598  -0.0127 -0.0061 -0.0381 0.0209  -0.0345  -0.0007 -0.0064 -0.0031 -0.0017 0.0000 -0.0401 0.0000
20 80 20-Aug-90 -0.0784 0.0597  -0.0133 -0.0058 -0.0392 0.02089  -0.0346  -0.0008 -0.0067 -0.0029 -0.0019 -0.0002 -0.0458 -0.0115
29 90 29-Oct-90 -0.0756 0.0607 -0.0113 -0.0042 -0.0378 0.0304  -0.0341 -0.0003 -0.0057 -0.0021 -0.0018 -0.0001 -0.0172 -0.0057

-

26-Apr-91 -0.0769 0.0594 -0.0132 -0.0050 -0.0385 0.0297  -0.0341 -0.0002 -0.0066 -0.0025 -0.0021 -0.0004 -0.0172 -0.0229
7 91 07-Aug-8i -0.0764 0.0568  -0.0144 -0.0056 -0.0382 0.0284  -0.0333 0.0005 -0.0072 -0.0028 -0.0022 -0.0005 0.0286 -0.0286
20 92 20-Apr-92 -0.0740 0.0576  -0.0125 -0.0043  -0.0370 0.0288  -0.0329 0.0009 -0.0063 -0.0022 -0.0021 -0.0004 0.0516 -0.0229

28 94 28-Mar-94 -0.0787 0.0633 -0.0128 -0.0033  -0.0394 00317  -0.035  -0.0018 -0.0064 -0.0017 -0.0024 -0.0007 -0.1031 -0.0401
10 94 10-Nov-94 -0.0768 0.0612  -0.0127 -0.0030  -0.0384 0.0306 -0.0345  -0.0007 -0.0064 -0.0015 -0.0025 -0.000¢& -0.0401 -0.0458
30 95 30-Mar-95 -0.0767 0.0603  -0.0133 -0.0036 -0.0384 0.0302  -0.0343  -0.0005 -0.0067 -0.0018 -0.0025 -0.0008 -0.0286 -0.0458
25 96 25-Mar-96 -0.0778 0.0606  -0.0146 -0.0041 -0.0390 0.0303  -0.0347  -C.0009 -0.0073 -0.0021 -0.0026 -0.0009 -0.0516 -0.0516
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Terra Tilt Field Data Sheet
Project: Hopkinton Dam - Qutlet Channel East Wall

Plate No: 16
Initial Date: Nov, 30, 1989

Mo. Dy. Yr. Date Aordg A180rdg Bordg B180rdg Ao A180 A avg A cum. Bo B180 B avg. B cum. ARotn B Rot'n
Initial -0.0240 0.0088 0.0057 -0.0211 -0.0120 0.0044 -0.0082 0.0000 0.0029 -0.0106 0.0068 0.0000 0.0000 0.0000

3 90 03-Jan-90 -0.0240 0.0086 0.0056 -0.0211 -0.0120 00043  -0.0082 0.0000 0.0028 -0.0106 0.0067 -0.0001 0.0000 -0.0057
19 90 19-Jan-80 -0.0239 0.0087 0.0059 -0.0210 -0.0120 0.0044  -0.0082 0.0000 0.0030 -0.0105 0.0068 0.0000 0.0000 0.0000
2 90  02-Mar-80 -0.0239 0.0080 0.0056 -0.0214  -0.0120 0.0040 -0.0080 0.0002 0.0028 -0.0107 0.0068 0.0000 0.0115 0.0000

27 90 27-Apr-90 -0.0245 0.0050 0.0036 -0.0230 -0.0123 0.0025 -0.0074 0.0008 0.0018 -0.0115 0.0067 -0.0001 0.0458 -0.0057

14 90 14-May-50 -0.0239 0.0054 0.0043 -0.0226 -0.0120 0.0027 -0.0074 0.0008 0.0022 -0.0113 0.0068 0.0000 0.0458 0.0000
20 80 20-Aug-90 -0.0280 0.0062 0.0036 -0.0224 -0.0125 0.0031 -0.0078 0.0004 0.0018 -0.0112 0.0065 -0.0003 0.0228 -0.0172

10 29 90  29-Qct-90 -0.0237 0.0088 0.0059 -0.0207 -0.0119 0.0044  -0.0082 0.0000 0.0030 -0.0104 0.0067 -0.0001 0.0000 -0.0057
26-Apr-o1 -0.0250 0.00861 0.0041 -0.0232 -0.0125 0.0031 -0.0078 0.0004 0.0021 -0.0116 0.0069 0.0001 0.0229 0.0057

7 91 07-Aug-91 -0.0264 0.0068 0.0041 -0.0237 -0.0132 00034  -0.0083  -0.0001 0.0021 -0.0119 0.0070 0.0002 -0.0057 0.0115

20 92 20-Apr-92 -0.0231 0.0064 0.0060 -0.0226 -0.0116 0.0032  -0.0074 0.0008 0.0030 -0.0113 0.0072 0.0004 0.0458 0.0229

28 94 28-Mar-94 -0.023 0.0062 0.006 -0.0227 -0.0115 0.0031 -0.0073 0.0009 0.0030 -0.0114 0.0072 0.0004 0.0516 0.0229

10 94 10-Nov-94 -0.0232 0.0070 0.0067 -0.0226 -0.0118 0.0035  -0.0076 0.0006 0.0034 -0.0113 0.0074 0.0006 0.0344 0.0344
30 95 30-Mar-85 -0.0237 0.0053 0.0059 -0.0235 -0.0119 0.0027  -0.0073 0.0008 0.0030 -0.0118 0.0074 0.0006 0.0516 0.0344
25 96 25-Mar-96 -0.0233 0.0060 0.0057 -0.0233 -0.0117 0.0030  -0.0074 0.0008 0.0029 -0.0117 0.0073 0.0005 0.0458 0.0286

—
WW A WhARLOOO AW
N
&
©
2

03/20/97 Hopkinton Dam 80of9



TILT PLATE DATA Plate 17

Terra Tilt Field Data Sheet
Project: Hopkinton Darn - Outlet Channel East Wall
Piate Mo 17
Initial Date: Nov. 30, 1989
Mo. Dy. Yr. Date Aordg A180rdg Bordg B180rdg Ao A180 Aavg Acum. Bo 8180 B avg. Bcum. ARotn B Rot'n
Initial -0.0456 0.0307 0.0816 -0.0970 -0.0228 0.0154 -0.0191 0.0000 0.0408 -0.0485 0.0447 0.0000 0.0000 0.0000

3 90 03-Jan-80 -0.0450 0.0304 0.0816 -0.097¢  -0.0225 0.0152 -0.0189 0.0002 G.0408 -0.0485 0.0447 0.0000 0.0115 0.0000
19 80 19-Jan-90 -0.0452 0.0305 0.0818 -0.0970 -0.0226 0.0183 -0.0180 0.0001 0.0408 -0.0485 0.0447 0.0000 0.0057 0.0000
2 80 02-Mar-90 -0.0453 0.0299 0.0816 -0.0874 -0.0227 0.0150  -0.0189 0.0002 0.0408 -0.0487 0.0448 0.0001 0.0115 0.0057
27 90  27-Apr-90 -0.0470 0.0278 0.0805 -0.1000 -0.0235 0.013¢  -0.0187 0.0004 0.0403 -0.0500 0.0452 0.0005 0.0229 0.0286
14 90 14-May-90 -0.0471 0.0290 0.0808 -0.0903 -0.0236 0.0145 -0.0191 0.0000 0.0404 -0.0497 0.0451 0.0004 0.0000 0.0229
20 80 20-Aug-80 -0.0481 0.0206 0.0813 -0.1000  -0.0241 0.0148 -0.0195 -0.0004 0.0407 -0.0500 0.0454 0.0007 -0.0229 0.0401
26 90  29-Oct-80 -0.0460 0.0316 0.0827 -0.0975  -0.0230 0.0158 -0.0194  -0.0003 0.0414 -0.0488 0.0451 0.0004 -0.0172 0.0229
26-Apr-91 -0.0472 0.0295 0.0813 -0.0997 -0.0236 0.0148 -0.0192 -0.0001 0.0407 -0.0499 0.0453 0.0006  -0.0067 0.0344
7 91 07-Aug-N -0.0475 0.0283 0.0807 -0.1002 -0.0238 0.0142 -0.0190 0.0001 0.0404 -0.0501 0.0453 0.0006 0.0057 0.0344
20 92 20-Apr-92 -0.0453 0.0289 0.0818 -0.0885  -0.D227 0.0145 -0.0186 0.0005 0.0408 -0.0493 0.0451 0.0004 0.0286 0.0229
28 94 28-Mar-94 -0.0449 0.0286 0.0817 -0.0982 -0.0225 0.0143 -0.0184 0.0007 0.0409 -0.0491 0.0450 0.0003 0.0401 0.0172
10 94  10-Nov-94 -0.0454 0.028 0.0814 -0.0981 -0.0227 0.0145 -0.0186 0.0005 0.0407 -0.0491 0.0449 0.0002 0.0286 0.0115
30 95  30-Mar-85 -0.0451 0.0278 0.0810 -0.0985 -0.0226 0.0139  -0.0183 0.0008 0.0405 -0.0493 0.0449 0.0002 0.0458 0.0115
25 96 25-Mar-96 -0.0457 0.0282 0.0810 -0.0988 -0.0229 0.0141 -0.0185 0.0006 0.0405 -0.0494 0.0450 0.0003 0.0344 0.0172
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SURVEY DATA Plates 1-14
Project: Hopkinton Dam - Outlet Channel East Wall
Survey Data
Date Printed: Mar-97
Plate No. 1 | Plate No. 2 | Plate No. 3 | Piate No. 4 | Plate New 5
I | I |
Mo.Dy.Yr. _Date _ deltax _ elov. _elev.chg |deftax __ __ elev. _elev.chy |deftax elev, _elev.chg |deftax  ___ elev. elev.chg {deftax . elev.  elev.chg
5 15 73 15-May-73 0.000 385351 0.000 0.000 385360 0.000 0.000  385.265 0.000 0.000 385263 0.000 0.000 385.212 0.000
129 74 29-Jan-74 0020 385359 0008 0.030 3B5.366 0.006 0.020 385270 0.005 0.020 385270 0.007 0010 385219 0.007
6 2575 25Jun-75
4 28 76  28-Apr-76 0020 385.365 0.014 0.010  385.376 0.016 0.020 385.276 0.011 0.010 385274 0.011 0010 385226 0.014
11 3 77 03-Nov-77 0.000 385349 -0.002 0.000 385356 -0.004 0.000 385271 0.006 0.000 385256 -0.007 0.000 385208 -0.004
5 23 78 23-May-78 0.020 385354 0.003 0.030  385.364 0.004 0.050  385.266 0.001 0.050 385,266 0.003 0.020 385.216 0.004
11 15 87  15-Now-87 0.049  385.360 0009 0.010  385.370 0.010 0.080  385.270 0.005 0.099 385.270 0.007 0070 385220 0.008
4 26 89  26-Apr-89 0.085 385350 -0.001 0.115  385.370 0.010 0.115  385.270 0.005 0.115 385270 0.007 0.095 385220 0.008
12 8 89 08-Dec-89 0.088 385353 0.002 0.125  385.361 0.001 0.125  385.269 0.004 0.140  385.268 0.005 0.117  385.218 0.006
t 17 80  17-Jan-90 0.145 385350 -0.001 0.212  3B85.366 0.006 0.224  385.269 0.004 0.216  385.268 0.005 0.203 385219 0.007
5 3 90 03-May-90 0105 385357 0.006 0,130  385.366 0.006 0.135  385.268 0.003 0.125  386.266 0.003 0.123 385217 0.005
4 23 91 23-Apr91 0.078 385365 0.014 0.112  385.375 0.015 0.112  385.280 0.015 0,108 385275 0.012 0.102  385.230 0.018
5 23 94 23-May-94 0.130 385419 0.068 0.160  385.430 0.070 0.170  385.331 0.066 0160 385330 0.067 0.160 385279 0.067
11 9 94 09-Nov-94 0.160  385.392 0.041 0.205  385.401 0.041 0.170  385.306 0.041 0.185 385305 0.042 0.160 385253 0.041
315 95 15Mar-96 | 0430 385371  0020] 0220 385384 0024 0.210 _ 385.291 0026 0220 2385289 _  0026; 0190 _ 385242 0.030
Plate No. 6 | Plate No. 7 | Plate No. & | Plate No. 9 | Plate No. 10
|
Mo.Dy. Yr, _ Date __deftax _ elev. _elev.chg |detax  elev. elev.chg |detax _ _ elev. elev.chg |deitax . elev. .elev.chg |[deftax _ elev. _ elev.chg
515 73  15-May-73 0.000  385.221 0.000 0.000  385.103 0.000 0.000  385.091 0.000 0.000  385.090 0.000 0.000 385113 0.000
128 74 29-.Jan-74 0.000  385.222 0.001 0.000 385109 0.006 0.000  385.004 0,003 0.010  385.092 0.002 0.010 385118 0.005
6 25 75 25-Jun-75 0.010 385214 -0.007 0.015  385.101 -0,002 0.010  385.088 -0.003 0.015 385083 -0.007 0.022 385110 -0.003
4 28 76 28-Apr-76 0.000 385226 0.005 0.000 385115 0012 0.010  385.100 0.009 0.020 385.098 0.008 0.030  385.123 0.010
1M 3 77 03-Nov-77 -0.010  385.208 0013 -0.010  385.099 -0.004 -0.010  385.086 -0.005 0.010 385082 -0.008 0.020 385.115 0.002
5 23 78 23May-78 0.040 385,220 -0.001 0.050 385.109 0.006 0.020  385.084 0.003 0.040  385.096 0.006 0.055 385120 0.007
11 15 87 15-Nov-87 0.080  385.220 -0.001 0089 385110 0.007 0.080  385.100 0.009 0.100  385.100 0.010 0.110 385120 0.007
4 26 B9  26-Apr-89 0.075 385220 -0.001 0100 385110 0.007 0.090  385.100 0.009 0.120  385.100 0.010 0130 385120 0.007
12 & 89 08-Dec-89 0.128  385.220 -0.001 0.118 385110 0.007 0.118  385.098 0.007 0.130  385.096 0.006 0.140 385121 0.008
117 80 17-Jan-50 0,210 385226 0.005 0.197  385.114 0.0 0.183  385.008 0.007 0,201 385.089 0.009 0.221 385.128 0.015
$ 3 90 O03-May-80 0.119  385.221 0.000 0.121 385.109 0.006 0.119  3B5.095 0.004 0.136  385.088 0.008 0.145 385119 0.006
4 23 91 23-Apr-91 0.110  385.235 0.014 0.105 385125 0.022 0.095 385110 0.019 0.115  385.110 0.020 0.112 385135 0.022
5 23 94 23-May-94 0170  385.251 0.030 0170  385.473 0.070 0.160  3385.158 0.067 0,180  385.157 0.067 0.200  385.181 0.068
11 9 94 09-Nov-94 0.170  385.261 0.040 0,180 385146 0.043 0.160  385.131 0.040 0.190  385.126 0.036 0.205  385.153 0.040
315 96 15-Mar96 | 0.190 385244 2.023 0190 385,135 0.032 0.180 __ 385120 0029 0200 385121 _  003%1] 0210 385148 0035
Plate No. 11 | Plate No. 12 | Plate No. 13 | Ptate No. 14
| | |
Mo.Dy. Yr.  Date deftax ~  elev. elev.chg Idettax ___ _elev.  elev.chg__|[deltax elev,  elev.chg [deMtax elev. _ elev.chg
5 15 73 15-May-73 0.000 385120 0.000 0.000 385.085 0.000 0.000  385.083 0.000 0.000  385.070 0.000
129 74 29Jan-74 0.020 385121 0.001 0.000 385.088 0.003 0.000  385.083 0.000 0.010 385067 -0.003
6 25 75  25-Jun-75 0.028 385114 -0.006 0.011 385.083 -0,002 0.011 385.081 -0.002 0027 385063 -0.007
4 28 76 28-Apr-76 0.050 385121 0.001 0.020 385.091 0.006 0.015 385.089 0.006 0.035 335074 0.004
11 3 77 03Now-77 0.030 385113 0007 0.010 385.079 -0.006 -0.030 385.079 -0.004 0.000  385.060 -0.010
523 78 23-May-78 0075 385123 0.003 0.020 385.076 -0.009 0.010  385.084 0.001 0.025 385069 -0.001
11 15 87  15-Nov-87 0,100 385130 0010 0.020  385.090 0.005 0.000 385090 0.007 0.020  385.070 0.000
4 26 89 26-Apr-89 0.120  385.130 0.010 0010  385.090 0.005 0.010  385.080 0.007 0020 385070 0.000
12 & 88 08-Dec-89 0.138 385129 0.009 0.025 385.089 0.004 0.028  385.085 0.002 0035  385.070 0.000
1 17 90 17-Jan-20 0.187 385,129 0.009 0.063  385.089 0.004 0.015  385.087 0.004 0.021 385.068 -0.002
5 3 90 03May-80 0.140  385.122 0.002 0.017 385088 0.003 0.003  385.084 0.001 0015  385.070 0.000
4 23 91 23-Apr-91 0110  385.140 0.020 0.002  385.105 0.020 0.005 385100 0017 0015 385080 0.010
§ 23 94 23-May-94 0,180 385180 0.060 0.040  385.140 0.055 0.010  385.135 0.052 0.020 385120 0.050
11 9 %4 08-Nov-84 0.140  385.150 0.030 0.030 385.114 0.029 0.035 385.108 0.025 0015 385089 0.019
3 15 96 15-Mar-96 0200 385153  0033] 0030 . 385108 0023 0.020 _ 385.108 0025 0020 385084 0014
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Petormanon of a retatning wall by ground freezing

Lawrence S. Danyluk and Stephen A. Ketcham
US Army Cold Regions Reseuarch and Engineering Laboratory, Hanover, NH, USA

ABSTRACT: Field measurements were made of the horizontal movement of a large retaining wall in Hopkinton,
NH, USA. The reinforced concrete retaining wall is part of an earthen dike on the downstream side of an earth-
filled dam. The dike is used to separate an existing wood-cribbed dam and its associated forebay pool from the
outlet channel of the earth dam. The wall, completed in 1963, is 71 m long and varies in height from 5.7 to 10.7
m. Previous surveys have indicated that outward displacements at the top of the wall occur during the winter and
rebound partially during the spring. Observations of the wall show severe, permanent deformation. The owner
of the dam—the US Army Engineer Division, New England—is concerned about the stability of the wall and
plans on doing remedial work shortly. Prior to the 1995-96 winter season, the US Army Cold Regions Research
and Engineering Laboratory installed various sensors on and behind the wall to continuously measure these
displacements and to provide information for the repair strategy. The measurements indicate that the movement
is frost related. Horizontal movement at the top of the wall of 20'mm, and increased earth pressure behind the
wall of almost 200 kPa, were measured during the period of frost penetration. As the frost subsided in the spring,
the earth pressure approached pre-winter values. Although the displacement at the top of the wall did rebound, it did
not recover completely. This paper will present and discuss data recorded during the 1995-96 winter. These will
include temperatures on the face of the wall, as well as the soil behind it, pressure between the wall and backfiil
materiai, lateral displacement at the top of the wall, and the angle of rotation along the face of the wall.

1 BACKGROUND
1.1 Site

1.2 Retaining wall and fill material

Figure 2 illustrates a section of the retaining wall. The
wall is made of reinforced concrete and is 0.46 m thick
at the top and increases to 1.98 m at its base. The wall
sits on a keyed base that is 2 m thick. There are con-
struction joints every 3.66 m vertically and expan-
sion joints that separate the wall into monoliths every
6.1 m horizontally. The bulk of the soil behind the
wall is specified on construction drawings to be a lo-
cally available “impervious fill.” The soil placed with-
in a meter of the wall is specified as a “special fil},”
indicating that it was compacted by hand-tamping
only. Above these materials is a layer of gravel and a
layer of rockfill. Inspection during this project revealed
the surfaces depicted in Figure 2. While the forebay

The retaining wall is part of the Hopkinton-Everett
reservoir system and is located in the town of Hopkin-
ton, NH, on the Contoocook River, approximately 15
km west of Concord, NH. Construction of the project
was started in November 1959 and completed in July
1963. The dam is rolled earth-fill with rockfill siope
protection and is approximately 240 m long by 22 m
high. Figure la shows the outlet works being separated
by a concrete retaining wall (71 m long) and a rock-
filled crib-type timber dam (100 m long) with the still-
ing basin on the west side of the dike and the forebay
pool on the east. The forebay pool is used to supply
water to a nearby paper mill. Figure 1b shows the dif-

ference in elevation of the stilling basin and forebay
pool of approximately 10 m.

The site has an elevation of 118 m and a mean an-
nual precipitation of 945 mm. The mean annual air
temperature is 7.1°C. The mean annual air freezing

index, and the 1-in-100-year index, are 14,800 h°C
and 71 300 ho recnactivaly

pool level is varied slightly throughout the year, the
fill soil remains below the water table.

1.3 Wall movement

Between inspections in 1967 and 1972, it was found
that the wall at the second monolith upstream of the
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b. Retaining "vail. looking west,

Figure . Zerxinten Dam,

mm reiative o the first monolith. which 1s prevented
fTOom iarge movements by its rigid connection to the
zoutment shown in Figure §. Similar movements were
noted in other monoiiths. In 1972 a haseline survey
was estabiished using permanently mounted monu-
ments. Sinez then. the top of the wall has dispiaced
outward 50 mm (see Figure 3). averaging 2-3 mm
such vear. Surveys performed in winter and subseguent
snring months revealed that the maximum annual ais-
iucement 2ccurred during the winter, with a partiald
m:oeund during the spring. Observations and addition-
al measurements indicated that these movements re-

Tea dl Comgn wilripmr Ar Floavnieal ciafmensaraam o f tha aentdl

The owner of the dam had concerns that the Dase of
the wall may e siiding >ruiting anc had several 2x-
proratery derings Jriiled. It was Jound thart the soun
ander the Tootings was a verv dense ziacial til ano
that there was 1o indication of ‘coling ™ !
was conciuded that the Giting was taking siace within
ihe wall itgeli, However, 't was noL Knewn if the move-
ment was {Tost refated.

4

L4 Insiramentarion

During ihe full of 1994, the second monolith was in-
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Figure 2. Typical section of retaining wall and instrumentation locations.

Figure 3. Horizontal displace
and second monoliths.

ment bet

AT

ween the

first

files of its displacements. Of interest also were the
temperatures of the air. wall. soil. and water, and the
magnitude of the pressure causing the movement.

Figure 2. which depicts the second monolith sec-
tion, illustrates the locations of the sensors: 30 thermis-
tor-type temperature sensors were installed, 26 of these
being placed in the upper 2.5 m of impervious fill
immediately behind the wall (asilty clay with a dry den-
sity of 2066 kg/m?). and 4 being placed on the face of
the wall. An additional thermistor was installed during
October 1995 in the forebay pool at a depth of -2 m.
Air temperature is recorded approximately 0.5 ki from
the wall, independently from this instrumentation.

Two linear motion potentiometers (LMP) were in-
stalled to monitor the horizontal movement at the top
of the wall. Each LMP was anchored to the wall at
one end and to a piezometer casing at the other. Since
the LMPs measure the relative movement between
their anchor points, movements of the piezometer cas-
ings—the reference points—are of concern. To pro-
vide a comparison of wall section movements, one
LMP (LMP-North) was attached to the second mono-
lith from the abutment and the other (LMP-South) was
attached to the fourth monolith.

To establish profiles of the wall displacements, a
vibrating-wire inclinometer assembly was installed on
the face of the second monolith. The assembly con-
tains three 1.95-m inclinometer sections, each with a
sensor to independently measure rotation at its top
relative to its bottom. The assembly is housed within
a tube (seen as a vertical line in Figure 1b) that is con-
nected to the wall at the ends of the sections. The des-



ignations “top,” “middle,” or “bottom™ inclinometer
identify their relative positions.

One vibrating-wire earth pressure cell was installed
between the wall and the fill of the second monolith.
It was placed approximately 0.5 m below the surface
of the impervious fill. Care was taken during installa-
tion that there was firm contact between the soil and
wall.

All sensors are connected to a solar-powered data
recorder that is set to provide readings every 2 hours.
Technical difficulties with this system delayed its start-
up until March of 1995, while further difficulties have
caused only minor interruptions.

2 INSTRUMENT MEASUREMENTS FOR
THE 1995-96 WINTER SEASON

Measurements illustrating climatic data and wall and
soil response histories from the 1995-96 winter sea-
son are presented in Figures 4 through 6. Figure 4
contains nine graphs (parts a—i) showing temperature,
pressure, and deflection data for the period August
1995 to August 1996. The air and forebay pool water
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temperatures are presented in Figures 4a and b, re-
spectively, while data from the pressure cell is de-
picted in Figure 4¢. Deflections at the top of the wall
relative to the piezometer casings are shown in the
LMP readings in Figures 4d and e. Deflections calcu-
lated from the inclinometer rotational measurements
are shown in the remaining parts. Figures 4g—i contain
deflections from the top, middle, and bottom inclin-
ometers, respectively, while Figure 4f totals the three
inclinometer deflections, providing a displacement
measure for the top of the wall relative to the base of
the bottom inclinometer. Zero values in the pressure
cell, LMP, and inclinometer graphs correspond to the
initial readings at the time of installation during the
Fall of 1994; positive deflections in the LMP and
inclinometer graphs correspond to outward move-
ments of the wall.

Contours of temperature calculated from the in-soil
thermistor measurements are shown in Figure 5, which
has 11 graphs presenting soil temperatures at 2-week
intervals from 6 December through 24 April. The con-
tours are superimposed on a cross section showing
the upper 4 m of the wall and the adjacent fill within
2-2.5 m of the wall.

A sequence of wall profiles is shown in the shaded
region in Figure 6. The profiles were calculated from
the inclinometer readings at weekly intervals from 6
December through 24 April. Figure 6 gives 21 pro-
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Figure 5. Temperature contours behind the second
monolith.

files, either whole or in-part, depending upon their
position in the sequence. Each profile comprises three
line segments representing the sections of the incli-
nometer assembly—the bottom, middle, and top. The
deflections indicated are those relative to the wall
position on 6 December and to the base of the bottom
inclinometer.
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Figure 6. Retaining wall profile.

3 DISCUSSION

The winter of 1995-96 was warmer than usual at the
site, having a freezing index of approximately 14,000
h°C, which is slightly below the mean. The air temper-
atures and forebay pool water temperatures indicated
in Figures 4a and b further characterize the season,
but also provide “driving” temperatures for heat trans-
fer through the wall and the saturated fill behind the
wall. Of particular interest are the number of thawing
events revealed by the wintertime air temperature data
and the lack of variation in the water temperature from
the beginning of December to the end of March. The
influx of new water into the forebay pool and its latent
heat capacity appear to have kept the temperature at
the sensor location just slightly above freezing. Visual
observations further indicated that the forebay pool
never froze during the winter.

The temperature contours in Figure 5 highlight the
upper 2.5 m of the impervious fill in which the ther-
mistors were placed behind the wall. A greater sus-
ceptibility to heat loss is evident in this corner area as
the soil against the wall and immediately below the
gravel is the first to freeze, reflecting losses through
the narrow upper portion of the wall and upward
through the gravel and rockfill layer. This is also the
area that, later in the season, had the greatest frost
penetration horizontally away from the wall, and the
area in which the pressure cell was installed.

The pressure cell measurements shown in Figure
4c are relatively constant until early December when
frost first penetrates into the soil behind the wall. The
pressure generally increases with the progression of
the freezing front to a maximum pressure of 170 kPa
in eady February relative to the early December value.
Most of the peaks and valleys of the graph correspond

* to changes in the air temperature and associated freez-
* ing or thawing of the backfill. The highest peak occurs

. during an especially cold period in February, while
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the prominent valleys follow or coincide with mid-
winter thawing events. The complexity of the soii-
wall interaction is hinted at by the lack of similar peaks
and valleys in the deflection histories (Figure 4d-e),
which reveal that wall movements are less frequent
and less dramatic than the variations of pressure at .
the location of the pressure cell. It is interesting to

! note that the pressure returns to pre-freezing values

~ before the frost is totally out of the soil, but only after

the thaw does the wall rebound. '
The individual inclinometer graphs in Figure 4g—i

- show deflection histories with similar magnitudes and

" variations. Each reveals a seasonally induced perma-
- nent deflection by a comparison of the reading after

thaw to the early Decembcr value. The top and bot-



tom inclinometer data indicate the largest permanent
deflection—1 to 2 mm—while the middle inclin-
ometer shows less thun | mm deflection. In the total
inclinometer graph of Figure 4f, a permanent total
deflection of nearly 4 mm is indicated.

Deflections at the top of the wall from the LMPs
(Figure 4d and e) indicate a maximum measured
deflection of 20 mm for LMP-South relative to its early
December value. This occurred in mid-January, when
the total relative deflection of the inclinometers was
5-10 mm less in magnitude. The inclinometer maxi-
mum deflection occurred during late February, but was
at this time nearly equal to the LMP-South deflec-
tion, again considering relative values. A reason for
this difference is not apparent, although movement of
the piezometer casing (the LMP-South anchor), or the
complexity of the soil-wall interaction, may be causes.
Permanent seasonal deflections indicated by the LMPs
are similar to the magnitude shown by the inclinome-
ter total—unearly 4 mm. However, fluctuations in the
post-thaw readings obscure a distinct measure of this.

The wall profile sequence in Figure 6 illustrates
the outward and retracting movements of the wall
during the freezing season. While bending is evident
in the profiles, the figure shows the week-by-week
deformations to be predominantly rotational, especial-
ly following positive movements. This indicates that
the wall deformations are associated more with tilt-
ing—at least relative to the base of the bottom tncli-
nometer—than with flexure. The permanent deforma-
tion reflected in the final profile shows a “bulge” at

the base of the middle inclinometer. This is likely due
to deformations arcund a construction joint located
midway between the top and bottom of this inclinom-
eter section. Indeed, visual inspections show a slight
outward permanent deflection at the location of this
joint.

4 CONCLUSION

Measurements taken during the 1995-96 winter indi-
cate that the wall deflection is caused by ground freez-
ing. While there have been no investigations to deter-
mine the existence of ice lenses during the winter sea-
son, the loading causing the deflection is apparently
due to frost heaving pressures within the saturated silty
clay behind the wall. When the soil freezes, there is an
almost immediate increase in the pressure and deflec-
tion out of the wall. Wall deflections appear to be at
their greatest when the frost is at its deepest point. As
the soil thaws, the pressure decreases to pre-season values
and the wall rebounds except for a permanent deflection
of 3—4 mm. This agrees reasonably well with histori-
cal averages of 2-3 mm per year.

The indications that the deformation of the wall is
more tilting than bending is of great interest to the
owners of the wall, as they work to identify the struc-
tural behavior of the wall prior to initiating remedial
work. The owners characterize the ratchetting defor-
mations of the wall as serious, and are using the meas-
urements described here to plan their remedial work
appropriately.



